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POSITIVE RAY ANALYSIS OF LITHIUM AND MAGNESIUM. 


By A. J. DEMPSTER. 


SYNOPSIS. 


Isotopes of lithium and magnesium have been determined by positive ray analysis, 
using the apparatus and method previously described in which the positive ray 
spectrum is determined by measuring the charge passing through a fixed slit into 
a Faraday cylinder as a function of the accelerating difference of potential keeping 
the deflecting magnetic field constant. The source of the rays was a small cylindrical 
anode containing the metal to be studied, which was heated by a concentric coil 
and bombarded by electrons. It was found that there are two isotopes of lithium 
with atomic weights 6 and 7, while magnesium has three isotopes with atomic 
weights 24, 25 and 26. The relative proportions of the isotopes of lithium varied 
with the conditions. For magnesium the relative numbers were 7 : I : I. 

Compensation Method of Measuring Small Currents.—The current to be measured 
is balanced by the current through an ionization chamber, which is adjusted to 
equality by varying the width of the slit through which the ionizing beta rays 
pass. 

INTRODUCTION. 
HIS paper discusses further experiments with the apparatus for 
positive ray analysis which was described in the PHysIcaL RE- 
viEW for April, 1918. In that paper the method of analysis was found 
to have a comparatively high power of separating elements with slight 
differences in their atomic weights, provided a steady source of positive 
atoms of the elements could be devised. 

The positively charged atoms are allowed to fall through a definite 
potential difference; a narrow bundle is separated out and bent into a 
semicircle by a strong magnetic field. By varying the magnetic field 
or the accelerating potential, the beam of rays may be made to fall on a 
second slit and give up their charge to an electroscope. From the 
equation for the velocity v acquired by a particle of mass m and charge e, 
in falling through a potential difference V, the equation and for the radius 
of curvature r in which the rays are bent by a magnetic field H; 


mv 
4mv? = eV and thes Hev, 
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the mass of the particle is found to be given by m = eH’r*/2V, and the 
molecular weight may be calculated if H, r, and V are known. 

The ratio of different atomic weights may be found more simply by 
keeping the magnetic field constant and finding the ratio of the potentials 
for which the rays have the same radius of curvature. This potential is 
inversely proportional to the atomic weight, and having identified any 
element such as sodium, nitrogen, or hydrogen, other atomic weights 
may be found by comparing the potentials necessary to bring the different 
atoms on to the second slit. In the previous paper this relation was 
shown to still hold when the deviations in the stray magnetic field 
before the slit are taken into account. 


SOURCE OF THE Rays. 

The chief difficulty in applying the method to new elements is in 
obtaining steady sources of the rays desired. The arrangement illus- 
trated in Fig. 1 has been found to work well with lithium and magnesium. 

The shaded portion to the 
ee left represents the iron 
\ plates between which the 
Py = : strong magnetic field is 
Lis > produced, S is the first slit, 
and P is a cylindrical iron 
Fig. 1. shield. The main variable 
accelerating field, usually 800 to 1,000 volts, acts between P and S. 
The charged atoms come from the anode A which is heated by a 
coil of wire and bombarded with electrons that have fallen 
through 30 to 160 volts from the coated platinum cathode C. 
In general P and C are at the same potential. The anode is a 
small iron cylinder filled with the metal; in several cases it was 6 mm. 
long, 3 mm. in diameter, and closed by a cap with a hole which 
_ Was varied in size in different experiments. The cylinder was 
coated with an insulating cement, the heating coil of iron-alloy wire was 
slipped on, and the outside again coated. The four leads to the hot 
cathode and anode are brought through seals in a glass inner tube as 
shown. The inner tube is sealed to the outer with sealing wax and can 
be easily removed for renewing the anode and cathode. The figure is 
about one third the actual size, and in the experiments the rays trav- 
elled vertically downward into the magnetic field. Even under the 
best conditions it has not been found possible to keep the strength of 
the rays absolutely constant over more than two or three minutes. 

Many preliminary experiments using ribbons and rods of magnesium 

showed that if the anode is too much exposed ‘to the electron bombard- 
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ment, localized arcs form which are very irregular. It was also found 
to be unwise to depend on electron bombardment to heat the anode, as 
the discharge tends to become unstable. The converging electron current 
and the diverging vapor stream would concentrate the ionization at the 
anode, but it may be that under electron bombardment the positive atoms 
are detached from the hot surface itself in the ionized condition. The 
tube was exhausted with a mercury vapor pump and the pressures were 
lower than could be read on a McLeod gauge. It was found that no 
special precautions were necessary to keep mercury vapor away from the 
apparatus when the vapor pump was not in use, the difficulties previously 
attributed to mercury vapor probably being due to the warming of 
wax joints. 
CURRENT MEASUREMENTS. 

The quadrant electrometer used in the previous experiments to detect 
the rays was replaced by a Wilson tilted electroscope and the com- 
pensating arrangement illustrated in Fig. 2. After being deflected 
magnetically, the positive rays fall 





on the electrode through the second f -1 
slit S,and their charge is balanced i U 

by an equal negative ionization cur- 

rent driven to the electrode in the +230 





ionization chamber at the right. 
The electroscope indicates quickly 
when the two currents exactly balance. K is a grounding key. The 
novel feature of the arrangement is the method used for adjusting the 
ionization current to balance the positive ray current. The ionizing 
agent is a group of a dozen old radium emanation tubes that had 
been discarded for medical work and emit strong 8 rays from RaE. 
They are placed in a side tube as shown, and cut off from the ioni- 
zation chamber by an adjustable graduated slit, which was made 
from a micrometer eyepiece by replacing the cross hairs by the 
two halves of a slit. A calibration curve was drawn connecting 
the ionization current and the slit width and was found to be 
approximately a straight line over a considerable range. The slit scale 
is graduated in half millimeter divisions up to 10 mm. width and one 
hundredth of a division can be read on a drum attached to the screw. 
A slit width of one millimeter gives an ionization current of approximately 
6 X 10-" amperes. Settings for balance can be made in about 5 seconds 
to within 1/40 mm. Apart from the great range, convenience and 
rapidity of the measurement, the arrangement has the advantage of an 
almost continuous control of the steadiness of the positive ray current 
during the measurements. 


Fig. 2. 
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POTENTIAL MEASUREMENTS. 

The potential through which the charged atoms fall was obtained from 
small lead cells. It was measured for groups of the cells with a high 
resistance voltmeter and occasionally checked by a standard voltmeter 
connected in a potentiometer arrangement as shown in Fig. 3. A and B 

are two slide wire resistances connected in 





Wd B al series to a large storage battery of about 











° 180 volts. The double pole switch S is 
‘ . - V thrown to the left and the sliders adjusted 
cls for zero voltmeter reading. The switch is 


Fig. 3. then thrown to the right and the voltmeter 
indicates the potential of the cells on open 
circuit. Risaresistance equal to that of the voltmeter; it is connected 
in parallel with the main current when no current flows in the 
voltmeter. It was found that the readings with the high resistance 
voltmeter were low by about 1.3 per cent. even when the cells were 
fully charged. 

As discussed in the previous paper the potential through which the 
charged atoms fall is, with high vacua, equal to the total potential applied, 
between the anode and the slit. While the rays all fall through the main 
accelerating field between P and S, it might be thought that the charged 
atoms could be formed at various points of the auxiliary field CA. 
When the pressure was not very low broad gas lines were observed, 
possibly partly due to this cause, but when the vacuum was good the 
sharpness of the curves obtained shows that the atoms have all fallen 
through the same potential. That this potential is the total applied, 
indicating that the rays are formed at the surface of the anode, is shown 
by the fact that the total potential required for the maximum in the 
curves is independent of the part used as auxiliary potential between 
cathode and anode, and also by the fact that the ratio of the atomic 
weights of known lines agrees with the ratio of the total potentials 
applied to make the bundles fall on the second slit. 


EXPERIMENTS WITH LITHIUM. 


Strong lithium rays appeared when the anode was heated to a dull red 
temperature. On all occasions two atomic weights appeared simul- 
taneously, the lighter much weaker than the other. The values of the 
atomic weights were calculated from the magnetic field determinations 
to be in the neighborhood of 6 and 7, and these values were verified by 
comparison with hydrogen atoms, the voltage ratios for the maximum 
currents being, 968/138 = 7.02,.and 968/162 = 5.98, with a possible 
error of I percent. It is possible that this ratio may be obtained accu- 
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rately enough to distinguish, as already done by Aston, between an 
atomic weight of 1,000 and 1,008 for hydrogen on the assumption of 6 
and 7 for lithium. Ina letter to Nature of Feb. 24, 1921, G. P. Thomson 
and F. W. Aston state that they obtained two isotopes using anodes of 
heated lithium salts, with the method of analysis developed by F. W. 
Aston. In the Proceedings of the Cambridge Philosophical Society, 
Vol. 20, p. 210, 1920, G. W. Thomson describes experiments with the 
method of Sir J. J. Thomson designed to detect any isotopes of lithium. 

A curve giving the positive ray current in terms of atomic weights is 
given in Fig. 4. Keeping the magnetic field constant at a certain value, 
a potential of 969 volts between the anode and the slit gave a maximum 
for the element of atomic weight 6, and the abscisse in the curve plotted 
as atomic weights are obtained by dividing 6 x 969 by the potential 
through which the rays fall in each case. The potential between the 





Current 





Atomic Weight 
Fig. 4. 

cathode and the anode was 96 volts and between the iron screen and 
the anode was 128 volts. The ordinates of the element at 6 are multi- 
plied by 5 in plotting, so that in this case the ratio of the amount of the 
two was about 7 to 1. The width of the curves may be attributed 
entirely to the slits (which were .58 mms. and .75 mms. wide). In the 
previous paper it was shown that (with slits of equal width) the curve 
to be expected as the rays are moved over the second slit by 
increasing the potential is a linear increase to a maximum and then a 
linear decrease. The width of the curve half way to the maximum 
is given by (M-S)/r where M is the atomic weight, S the slit width and 
r the radius of curvature (= 5 cm.). A slit width of 0.6 mm. would thus 
account for the width found. The difference in the two slits would 
lead to a slight broadening of the maximum. 








420 A. J. DEMPSTER. | ono 

That the two components both belong to lithium is shown by the 
fact that they always appear together and change in intensity in the 
same way. No other components were found, and at 5, 8 and 9, the 
intensity was certainly less than 2 per cent. of that at 7. No line at 12 
was observed that might suggest that 6 was due to doubly charged carbon. 

Many observations were made of the voltages required for the maxima 
of the two lithium lines. These could be obtained within one or two 
volts without measuring the complete curves. Assuming the maximum 
of the curve to represent the position of the atomic weight, and the 
lighter component to have an atomic weight of exactly 6, the atomic 
weight of the heavier component was 7.00 within two, or under good 
conditions, within one unit in the second decimal place. These observa- 
tions show that to this accuracy the two elements are one unit apart in 
atomic weight. 


PROPORTION OF THE TWo COMPONENTS OF LITHIUM. 


If we assume the chemical atomic weight of lithium 6.94 to be the 
mean of the atomic weights of the two components, we should expect 
the number of atoms of the heavier component to be 16 times as great 
as the number of the lighter, and it is of interest to see if the ratio of the 
strengths of the positive rays agrees with the ratio of the two com- 
ponents in the metal. It has been found that this is in general not the 
case. Observations were made by comparing the intensities of the 
maxima of the two components under steady conditions. With one 
anode a ratio was found at first of 37 to 1, much greater than that to be 
expected. (In a letter to Science for April 15, 1921, it was overlooked 
that in a few cases a ratio greater than that to be expected had been 
obtained.) Later the ratio was 18 to 1, with a variation in several 
readings of less than 10 per cent. Three days later the ratio was 7.5 to 
I with a variation in six readings of less than 10 per cent. With a new 
anode, the ratio was at first 4.8 to 1 much less than with the other anode, 
and increased after a few minutes to 7 and 8 to 1. The next day the 
ratio was between 7 and 10 to 1. No dependence of the ratio on the 
strength of the rays could be observed over a small range of variation. 
A possible explanation is that the rates of evaporation of the two isotopes 
vary differently with the surface conditions of the metal. An assumption 
on theoretical grounds! of a difference in the vapor pressure curve for 
the two isotopes would still require an explanation of the relative varia- 
tions in the amounts evaporating on different occasions. Surface films 
on the molten metal are possible causes of these differences; also the 


evaporation in these experiments occurred under electron bombardment, 
1F, A. Lindemann and F. W. Aston, Phil. Mag., 37, p. 23, 1919. F. A. Lindemann, Phil, 
Mag., 38, p. 173, I919. 
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and it may be that this influenced the conditions of evaporation. This 
variability makes impossible at present any determination of the chemical 
atomic weight of lithium from positive ray analysis. 

It was observed that strong hydrogen rays were obtained from the 
lithium while it was being heated. It is of interest that the hydrogen 
all appeared in the form of atoms. No He, H; or helium rays as strong 
as I per cent. of the H; rays could be detected. The hydrogen atoms 
were obtained from new anodes on their first heating, and also from 
anodes, from which all the occluded gases had been driven off, if they 
had been allowed to stand in air for a day, the fresh hydrogen probably 
having been formed from traces of moisture. 


EXPERIMENTS WITH MAGNESIUM. 


Magnesium rays were obtained with anodes of two types. In the 
first experiments the heating coil was wound directly on a rod of mag- 
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nesium, and the whole covered with a glass tube having a hole 3 mm. 
in diameter between the magnesium and the cathode to restrict the 
electron bombardment. Later an anode as shown in Fig. 1 was used. 
With both types three components with atomic weights 24, 25 and 26 
were found. They appeared together as the magnesium was heated so 
as to vaporize slightly, and their atomic weights could be checked by com- 
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parison with rays at 28, probably’due to occluded nitrogen, which is 
driven off before the magnesium rays appear. Two curves made with 
the first type of anode are given in a paper in the Proceedings of the 
National Academy of Sciences for February, 1921. They show that the 
lighter of the three components has an atomic weight 24, within one 
tenth of a unit, and that the other components have atomic weights 25 
and 26. The curve in Fig. 5 was made from observations with the second 
type of anode and shows the ionization current corresponding to different 
atomic weights: It is drawn with the maximum of the lighter component 
exactly at 24, although its position was not compared in this case with 
the gas line at 28 with the accuracy indicated in the curve. The auxiliary 
potential between cathode and anode was 46 volts and between the 
screen and cathode 6 volts. The atomic weight abscissae are obtained 
by dividing 22440 by the total potential in each case. A slit width of 
o.8 mm. would account for the width of the curves. 

The ratios of the components shown in the curve were observed in 
several measurements under steady conditions. The component at 24 
is about 6.7 times as strong as the one at 25, while the latter is about 1.04 
as strong as the one at 26. These ratios give a mean atomic weight of times 
24.336 which agrees well with the chemical atomic weight of 24.36. 
Although no such variations as in the case of lithium have been observed 
in the proportions of the magnesium components, yet several reliable 
comparisons have given slightly different ratios from that shown; in 
some cases the component at 24 was even ten times as strong as that 
at 25. Thus no great reliance can be placed as yet on determinations 
of the ratios of the various kinds of magnesium present in the metal, 
from observations of the ratios of the evaporating ionized atoms. 

In preliminary experiments, rays of boron, aluminium and silicon 
have been obtained, and it is hoped that they may be made suitable 
for measurement. The bea-ing of these and other experimental results 
on general theories and speculations as to the atomatic structure is not 
entered into here, as the matter has been discussed at length by other 
authors in several recent papers.’ 

The writer wishes to express his thanks to Miss A. Hepburn for the 
radium emanation tubes used in the measurements, and to Mr. N. Y. 
Priessman for assistance in calibrating the ionization chamber. 


RYERSON PHYSICAL LABORATORY, 
June 2, 1921. 


IEspecially by W. D. Harkins, PHysicAL REVIEW, Feb., 1920, Phil. Mag., Sept., 1921. 
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DURATION OF IMPACT OF BARS. 


By Erwin W. TSCHUDI. 
SYNOPSIS. 


Duration of Impact of Two Spheres.—The Hertz theory was verified by experiments 
with brass and cast-iron spheres of 3.8 and 7.6 cm. diameter respectively, using a 
condenser discharge method of measuring short time intervals which gave accurate 
results for intervals of the order of 10~* second. 

Duration of Impact of Bars.—Experiments with hot-rolled steel bars, 2.86 cm. in 
diameter and 16 to 62 cm. long, prove that the compressional wave theory is in- 
adequate since the duration of impact was found to be a function of the initial 
velocity and to be proportional not to the first power of the length of the shorter 
bar but more nearly to the two-fifths power. Moreover, the fundamental assump- 
tion of the compressional wave theory was shown to be wrong by means of a model 
in which the wave velocity was slow enough to be observed. A theoretical expression 
was then derived on the basis of certain assumptions as to the distribution of pressure 
and its variation with the displacement of the center of mass of the colliding body, 
which agrees in general with the experimental results. 


INTRODUCTION. 


MPACT is usually treated by considerations based upon the momenta 

of the two bodies before and after collision. The force and duration 

of the impact, however, have been determined by two theories, much 
contrasted, which are not based on momentum. 

The first of these two theories states that the colliding bodies, in the 
shape of bars, are separated by a wave of compression which travels 
throughout both bodies during the first half of the impact, is reflected 
as a wave of tension, and pulls them apart.' This theory assumes that 
the “‘pressure wave’’ is propagated approximately with uniform inten- 
sity, and is therefore unable to explain the fact that a steel bar hammered 
upon on one end-becomes bruised at this point and spreads out, while 
the remainder of the bar stays unaffected. 

The second theory, due to Hertz,” considers the effect of collision of 
bodies bounded by curved surfaces to be purely local, so that the greatest 
compression occurs in the neighborhood of the surface common to the 
two colliding bodies. Here the pressure gradually increases until the 
bodies are brought to rest and then decreases until they are separated 


1 Thomson and Tait’s Treatise on Natural Philosophy, part 2, pp. 228-229 clearly de- 
scribes this action. 
2 Miscellaneous Papers, p. 146, 1896. 
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again.? For the case of equal spheres of the same material, this theory 
gives for the duration of impact 


251 p 21/5 r 
T = 2.9432 | 3 (1 — o?) (‘) | pus (1) 


where o is Poisson’s ratio, p the density, E Young’s modulus and r the 
radius of the spheres. The initial velocity when impact occurs is v. 
This theory cannot be adapted to the collision of bars. 

Equation (1) has been verified‘ by Hamburg in 1886 with brass and 
steel spheres. His experimental results agreed very closely with Hertz’s 
theoretical conclusions. 





APPARATUS. 


In order to measure the duration of impact, and thus show that the 
results predicted by the compressional wave theory are erroneous, an 
apparatus was devised in which the colliding bodies were two spheres 
hung by bifilar suspensions—replaced later in the experiment by cylinders 
with machined ends suspended horizontally by two bifilars each—from 
knife edge supports. Electrical connections were made so that the circuit 
of a standard condenser with a capacity of one micro-farad was completed 
by contact of the two spheres. (See Fig. 1.) 


L. 








RESISTANCE 














BALLISTIC GALVANONE TER 
Fig. 1. 


One of the spheres was drawn aside to a measured height and held in 
place by a stop which could be released by an electromagnet. After the 
falling sphere had collided once with the stationary one, the charging 
circuit of the condenser was broken and joined to a galvanometer circuit 


3Love’s Treatise on the Theory of Elasticity, v. 2, p. 148, ed. 1892, gives a complete 
mathematical treatment of this theory. 
4 Winkelmann’s Handbuch der Physik, v. I, p. 304. 
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THE EXPERIMENTS. 
with the D.P.D.T. switch. This discharge of the condenser gave a 
galvanometer throw which afforded a measure of the duration of impact. 
The charging curve of the condenser was given by the usual equation 


I 
t = RC log, -— ot 
& (1 — g/CV) 
From this it is seen that the time ¢ necessary to give to the condenser 


a charge g with a constant capacity and voltage varies directly as the 
resistance, 7.é., 


ty = — fe, (2) 
A curve was obtained with a resistance R, = 4,133,000 ohms in the 


circuit of the condenser. This curve when used in conjunction with (2), 
where R, ranged from 400 to 2,400 ohms, gave the duration of impact. 
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Fig. 2. 


The experimental results for brass spheres of 3.81 cm. diam. and for 
cast iron spheres of 7.62 cm. diam. are shown by the solid curves of 
Fig. 2. The broken curves are the loci of (1) for these same cases. 
The close agreement of these experimental results with the theoretical 
equation which Hamburg had previously verified seived to determine 
the accuracy of this method of measuring small periods of time. 
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The experimental results for three sets of cylinders of equal lengths, 
made of hot-rolled machinery steel, 2.86 cm. diam. and 15.90, 31.30, 
61.55 cm. in length, respectively, are shown by the solid curves in Fig. 3. 
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For cylinders of unequal lengths, the results are shown by the solid curves 
in Fig. 4. The notation 31.30 cm. > 61.55 cm. indicates that the bar of 
length 61.55 cm. was at rest while the one of length 31.30 cm. collided 
with the first bar. 

If / is the length of the shorter of two colliding bars of the same material, 
then the duration of impact according to the compressional wave theory is 


7 = 2/ m (5) : (3) 


The results of (3) are given in the following table: 


Length in centimeters. ........15.90 31.30 61.55 
LETT eee 6.34 X 107% 12.5 X 10°% 24.6 XK 107% 


Obviously there is no semblance of agreement between experimental 
results and values given by the compressional wave theory. 

A low speed model of colliding bars was made with two helical springs, 
about a meter long and 5 cm. in diam., of no. 21 piano wire, Brown and 
Sharpe standard gauge. A brass disc was soldered to one end of each 
of the two springs in order that they could be made to collide end on. 
Each coil was weighted with a lead shot to lower the velocity of the wave 
of compression. Linen threads were attached to every third or fourth 
coil so that the springs could be suspended horizontally. In order that 
one spring might be drawn aside without distorting it, a thread was tied 
horizontally to its suspensions. An arrangement consisting of a buzzer 
circuit, which was closed by the contact of the two springs, facilitated an 
approximate estimate of the duration of the impact, while the progress 
of the wave of compression was viewed directly. It was found that only 
about one third of the length of each spring was traversed by the wave 
between the instants of collision and separation, a result quite contrary 
to the predictions of the wave theory. 


THEORY OF IMPACT OF Bars. 


If a moving bar, consisting of a series of infinitesimal cylinders, were 
suddenly brought to rest by an impact at one end, the first cylinder to 
receive the blow would suffer a pressure resulting from the retardation 
of all the other elementary cylinders, while the last of these elements 
would not experience any pressure since it would have nothing to stop. 
With half the impact over, the elementary cylinders would be in a state 
similar to that of a set of weights arranged in a vertical pile upon a table. 
Obviously there must be a rapid dissipation of pressure along bars 
during impact. 
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Let us assume, therefore, that the pressure at a distance x, measured 
from the end of the bar which receives the impact, is 


P = Pre-?, ; (4) 


since dissipation functions usually contain an exponential factor. Po is 
the pressure at the origin. 

Hertz has obtained the relation Py = ke a®, where a is the displacement 
of the center of mass of the colliding body toward the origin at a given 
instant and ke a constant depending upon the mass and size of the body. 

For the impact of bars, a similar relation is found to be suitable of the 
form 
e!P, 
ME’ 


5/4 


(5). 


a 


where / is the length of the bar, M and m constants to be determined 
empirically. 

An amount of work equal to pS/2 is done when a bar is compressed a 
distance S under a uniform pressure p. If we consider \ the contraction 
per unit length at a distance x from the origin due to a pressure P at that 
point, then by Hooke’s Law P/E = X. The contraction for a length dx 
is then Adx and the work done in producing this contraction is 


adW = $\Pdx = se dx 
e~**dx, 


and the total work done throughout the bar at any instant is 


y 2 
W= sce e~**dx “7 (1 — e*4), (6) 
The quantity e~*' is very small for any appreciable value of / and can be 
neglected. 

Let a and b be two bars approaching one another with velocities v,, v, 
and masses ma, m», respectively. The system of two bars will have 
kinetic energy of amount }3(m,v.? + m,v,?) which will be gradually 
changed into potential energy during the first half of the impact. 

If a and 6 are the displacements of the centers of mass of the bars a 
and b respectively, then from (5) we have 


enaP, enP, 
of!4 = and pe! - =. 


ME, ME, (7) 
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Substituting in (6) we have 


of! ME, 
W, =  gernta - = K,a°” ’ 
5/2 V2R 
Wo Oe Ku 


At any instant during the first half of the impact, the transformatior 
of energy is given by 


+ Me _ (da\?| , ms _ (BY | _ | 
[--G)]} Th -@)]-mr tne 


‘In the experiment v, = 0. Eliminating Py from (7) we have 


dp _ GAibeAn (lila) 15, da where G = Ea 


dt dt Ey 


Hence (8) becomes 


mere -|% + * Crnairrut | Fal = [K. 4 K Greene] g5/2, 
Substituting 

Me mM GP! e8n(la—la) ) 

2 2 2 


and 
C = Ka + K,Gen(e-t) 


we have the simpler equation 


-Itdal? , 
Av — B|] = Cad? 


When the two bars have been brought to fest, i.e., when da/dt = 0, 
the displacement of the center of mass of either bar will be a maximum. 
Let this maximum value of a be a;. Then from 


(9) | a, = [=] 15 


Integrating (9) we have 


t= BY da 
) [Av® — Cad]! 
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5 1 (210) A _ ys” 
The duration of impact is twice this value. 


For cylinders of the same material, with a common radius r but 
different lengths /, and /,, the duration of impact is 


Tr 2/5) rp 2/5 er: einlals I . 
7 = 479/10 aa | a | [la + Lye8n(emald sie jo a (10) 
When /, = /,, we have 
2 2/5 I 
tT = 4.6527 vt2)| ap | Plsgrntls Th (11) 


M and n were determined by substituting in (11) values for 7 read from 
the curves in Fig. 3, for specific values of v. For example, the values of 
t from the curves for. / = 61.55 cm. and / = 15.90 cm., v = 40, were 
substituted. The equations thus obtained were solved simultaneously. 
In this manner values of M varying from 1.45 to 2.20 and of m from 
.0007 to .0082 were obtained. The averages of these values, namely 
M = v3 and m = .0038, were chosen. 

The broken curves in Figs. 3 and 4 are the loci of (11) and (10) respec- 
tively for these values of M and n. 


CONCLUSIONS. 

It has been shown that the compressional wave theory is incapable of 
explaining the nature of reactions in bars during impact. The present 
experiments have proved that the duration of impact is not a linear 
function of the length of the colliding bars, a fact directly contrary to this 
theory. Furthermore, this time interval is a function of the initial 
velocity of impact and of the dimensions of the bars, factors not contained 
in the wave theory. 

It gives me pleasure to acknowledge my indebtedness to Dr. R. C. 
Gowdy for his assistance in devising the apparatus and for his many 
helpful suggestions made during the course of the experiments; to Mr. 

-P. B. Evens for his painstaking efforts in constructing the apparatus; 
and to Dr. H. F. Richards for his critical reading of this manuscript. 


UNIVERSITY OF CINCINNATI, 
April, 1921. 
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THE BINAURAL LOCATION OF PURE TONES. 


By R. V. L. HARTLEY AND THORNTON C. FRY. 


SYNOPSIS. 


Theory of the Binaural Location of Pure Tones.—It is pointed out that to deter- 
mine two coérdinates of the sound source, angular position and distance, the simul- 
taneous observation of both phase difference and intensity ratio for the two ears is 
necessary. Thus, contrary to the conclusions of certain observers, intensity ratio 
plays an important part in sound location. Using a method of analysis due to 
Stokes, the authors have prepared a series of charts showing the intensity ratio and 
phase difference for sources at various distances and angular positions emitting sound 
with a frequency from 310 to 1,860 cycles and for two angular separations of the 
ears, 165° and 180°, assumed to be placed on a spherical head. These charts show 
the theoretical position of the source for any combination of phase difference and 
relative intensity which might occur with actual sources. Experiments to test this 
theory are suggested. When unnatural combinations occur as a result of distortion 
of the sound in transmission or are produced artificially in the laboratory, the 
interpretation of the stimuli will depend on psychological factors and cannot be 
explained by any purely physical theory alone. 

Psychological Readjustment of Unnatural Combinations of Binaural Stimuli.— 
Suggestions as to the nature of these adjustments are advanced and the results of 
laboratory experiments with such unnatural combinations are interpreted with the 
assistance of the charts and are shown to be in agreement with this theory. 


1. INTRODUCTION. 


N a paper on “The Function of Intensity and Phase in the Binaural 
Location of Pure Tones’’ Stewart ' compares with theory the results 
of experiments which he performed to determine the effect of intensity 
when acting dlone. He concludes that “clearly there exists neither 
quantitative nor qualitative agreement between the two curves (experi- 
mental and theoretical) for similar frequencies. In fact, the theory 
shows the existence of two values of 6 for one value of relative intensity, 
whereas experiment shows only single values. The disagreement, quan- 
titative and qualitative, is so very great that intensity cannot be an 
important factor in the location of a pure tone.’”’ The same general 
conclusion was also arrived at by Stewart and Hovda,? on the basis of 
less comprehensive data. 
This conclusion seemed to the writers to be quite the opposite of what 
was to be expected in the light of their earlier work,’ and further con- 


1G. W. Stewart, Puys. REv., May, 1920, p. 425. 
2? Stewart and Hovda, Psych. Rev., XXV., No. 3, May, 1918, p. 242. 
3R. V. L. Hartley, PuHys. Rev., June, 1919, p. 373. 
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sideration showed that the apparent disagreement could be attributed 
to the current practice of considering the effects of phase and intensity 
separately and that the results are not inconsistent with a theory based 
on the combined effect of the two. 

It is the purpose of this paper to present such a theory, to apply it to 
published experiments, to suggest further lines of experiment and to 
furnish charts to facilitate such work. 


2. GENERAL THEORY. 


We must note, first of all, that two coordinates are needed to define 
the position of a sound image in the horizontal plane; as, for instance, 
the polar coordinates angle and distance. To determine these coordinates 
two properties of the sound are needed. That is, the correspondence 
between location and stimulus is necessarily a two to two correspondence, 
and not a one to one correspondence, as most investigators in the binaural 
field have tacitly assumed. The assumption that any particular pair of 
properties is capable of determining the location of the image may be 
verified experimentally if it can be shown that when a stimulus is arti- 
ficially set up in the laboratory, having values of these properties such 
as would result from a given source the observer obtains as sharp and 
accurate an image as if the tone actually came from that source. 

A pair of properties of the stimulus which are apparently capable 
of determining the two coordinates of the image, are the difference in 
phase and the relative intensities at the two ears. To each position 
taken by a physical source of sound there corresponds a pair of values 
of these properties. No other pair can correspond to that position and 
only one or two positions at most can correspond to that pair.1 There 
are, however, pairs of values of intensity and phase which cannot possibly 
arise by undistorted transmission from a single physical source. [If, 
when such stimuli are set up by laboratory means, an image is obtained 
at all, it must be the result of an attempt upon the part of the observer 
to form a compromise between discordant data furnished by his sense 
organs. It follows, therefore, that experiments in which pure tones of 
arbitrary intensity and phase are applied to the-two ears should be 
divided into two distinct classes according as the particular combination 
of intensity ratio and phase difference does or does not correspond to an 
actual source. The first of these, when compared with experiments on 
the location of actual sources, makes possible a direct test of the soundness 
of the above assumption, while the second can contribute to the final 
answer only indirectly. 


1 There are exceptions to this statement when the frequencies are high but they are un- 
important for the purposes of this argument. 
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In order, then, to predict theoretically the result to be expected from 
a laboratory experiment, we must first of all be able to determine whether 
or not the combination of phase and intensity relations corresponds to an 
actual source, and, if so, where that source is located. This may be done 
if we know the relations which exist between the position of an actual 
source and the phase difference and intensity ratio which result from it. - 
By assuming the head to be a rigid sphere, it is possible’ to compute the 
relative intensities and phases of the pressure produced at any two points 
on its surface, by simple harmonic sound from a point source. Con- 
versely it is possible to find the relative position of source and obstacle 
when the phase and intensity relations are known. 

The location obtained from any pair of phase and intensity relations 
depends, of course, upon the frequency of the sound and the size of the 
sphere. This dependence reveals itself in the final formula of Stokes’s 
analysis by the presence of the two quantities, c, the radius of the sphere, 
and k, which is 2x divided by the wave-length of the sound, so that ke 
is the ratio of the circumference of a great circle on the sphere to the 
length of the sound wave. By virtue of dynamic similarity these occur 
in the combinations ke and r/c only, r being the distance of the source 
from the center of the sphere. It is, therefore, convenient to construct 
charts in terms of these parameters. 


8 


l= INTENSITY RATIO 





@ = ANGULAR DISPLACEMENT OF IMAGE 
Fig. 1. 
Ears 165° apart. kc = 0.5. Frequency 310 cycles. 


Fig. 1 is such a chart drawn for the ratio kc = 1/2. If c is taken as 
8.75 cm., which is the average obtained by measuring the heads of a 
number of individuals, this corresponds to a frequency of 310 cycles. 

1 Rayleigh, Theory of Sound, Volume 2, Chapter 17. G. W. Stewart, Pays. REV., 33, 
p. 467, I91I. 
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As measurements have also shown the ears of the average person to be 
about 165° apart, this separation has been used in making the computa- 
tions for the chart. 

The scale marked 6 indicates the angular displacement of the sound 
source from the median plane, measured from front to back; the ham- 
mock-shaped curves correspond to various distances from source to 
observer; the series of approximately vertical lines indicate phase differ- 
ences of various magitudes, and the scale at the left margin gives 
intensity ratios. Having any two of these quantities the other two 
may be determined. Thus it is possible to study theoretically the varia- 
tion of the position of the image as the phase and intensity relations are 
altered. It will be observed that, as stated above, while there is an 
intensity ratio and phase difference corresponding to any source, there 
is not always a source corresponding to a pair of values of these variables. 

For those experiments in which combinations are used which do corre- 
spond to actual sources the chart gives the theoretical location of the 
image directly.!. Since, however, most experiments which have been 


L- INTENSITY RATIO 





@= ANGULAR DISPLACEMENT OF IMAGE 
Fig. 2. 
Ears 165° apart. kc = 1.0. Frequency 620 cycles. 


reported fall into one or the other of two classes, in each of which the 
stimuli are of a type which could never arise from an actual source, 
we shall consider these two classes in some detail. 

Suppose that the intensity ratio is maintained at the constant value 
unity while the phase difference is adjusted to some value other than 


1 The chart shows two dotted lines for each value of P. One of these corresponds to an 
image in front of the observer, the other to an image behind him. Experience shows that 
while some observers localize the sound in one of these positions, and some in the other, it 
rarely, if ever, happens that both images occur simultaneously. 
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zero, say 60°. Since these do not correspond to any real source, it 
follows that purely physical considerations do not define the position of 
the image and that some assumption of a psychological nature is required. 
It seems reasonable in this connection to assume that the observer 
subconsciously judges either the intensity ratio or phase difference, or 
both, to be in error, and effects a readjustment of their values in such 
a manner as to obtain a combination which does correspond to a possible 
source. It seems logical to assume also that the observer will localize 
the image in that position for which the necessary readjustment is the 
least. 

in the example under discussion, if the observer interprets the intensity 
ratio as 0.9 instead of 1.0 the two data become accordant and correspond 
to a distant image a little less than 40° from the median plane. In this 
case no readjustment whatever of the phase relation is necessary. On ' 
the other hand if the intensity ratio were not readjusted at all it would be 


it 


L- INTENSITY RATIO 
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@-ANGULAR DISPLACEMENT OF IMAGE 
Fig. 3. 


Ears 165° apart. kc = 1.5. Frequency 930 cycles. 


necessary to conceive of the phase difference as zero instead of 60°. 
This is an enormous misinterpretation and it is scarcely conceivable 
that the observer would consent to it. Furthermore a moderate change 
in the phase difference does not greatly reduce the amount of readjust- 
ment of the intensity ratio which is necessary before physically possible 
cenditions are obtained. We are, therefore, forced to the conclusion 
that the average observer will believe the sound to originate at a very 
great distance and at an angle from the median plane corresponding to 
the intersection of the phase curve with the curve of infinite distance. 
In our illustration this angle would be about 39°. 
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It may happen, of course, that for some other reason, such as the 
absolute intensity of the sound, the observer finds it difficult to believe 
that the source is more than a moderate distance away. He may then 
make a still further mental correction of the intensity ratio so as to bring 
the image closer tohim. This will not have any appreciable effect on the 
direction of the image, since the line for P = 60° is practically vertical. 

Before discussing the results of such experiments, let us consider the 
other impossible condition which has been the subject of laboratory 
investigation, namely, the condition of equal phases but adjustable 
intensity ratio. 

Equal phases can correspond only to the median plane—that is, ‘to 
the vertical lines at the borders of the chart—and in this plane no inten- 
sity ratio other than unity can occur. As before, the observer may 
! arrive at a combination of intensity ratio and phase difference that 
corresponds to an actual source in either of three ways. He may judge 
the phase difference to be correct and readjust the observed value of 
intensity ratio, or he may readjust the phase difference to conform to 
the intensity ratio, or he may readjust both. If he readjusts the intensity 
only, he must make the intensity ratio unity, obtaining thereby an image 
in the median plane. If he readjusts the phase difference only, the 
magnitude of the necessary readjustment depends upon how close to the 
head he is willing to place the image. The phase readjustment necessary 
to agree with an intensity ratio of 0.6 is obviously less if r is taken as 2c 
than 5c. Moreover, it may be made smaller yet by placing the image 
still closer to the head or even within the head. However, as such 
sources are rather uncommon in everyday experience the observer may 
prefer to make a larger readjustment in phase and secure an image in a 
more usual position. Here as in the case of the experiment with equal 
intensities, the distance of the image depends upon the psychological 
prejudices of the individual, and we may expect rather wide variations 
between the results of different observers. Unlike the former case, 
however, the direction of the image is here dependent on the distance 
chosen, and so it too should be subject to similar variations. 

The third possibility, that of readjusting both intensity and phase, 
is more likely to occur here than in the experiment with equal intensities, 
for, as the figure shows, a small readjustment in intensity reduces 
materially the necessary readjustment in phase and vice versa. As differ- 
ent observers may be expected to readjust the two by different relative 
amounts, there are obviously a wide variety of possible positions for the 
image in this case. 


1 Images within the head are not uncommon in the literature of binaural experiments. 
See Stewart, Puys. Rev., IX., No. 6, June, 1917, p. 502. 
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3. COMPARISON WITH EXPERIMENT. 


While a large amount of experimental work has been done and Stewart 
in particular has published quantitative data taken under widely varying 
conditions, when this data is analyzed in the light of the above con- 
siderations it is found to be lacking in certain important features. In 
particular while the effect of intensity and phase on the direction of the 
image was studied their effect on its distance was not reported. In 
the absence of this data it is obviously impossible to check the theoretical 
deductions given above. The best that can be done is to determine 
whether or not such results as are available are consistent with the theory. 


10 





l- INTENSITY RATIO 


@-ANGULAR DISPLACEMENT OF IMAGE 


Fig. 4. 


Ears 165° apart. kc = 2.0. Frequency 1,240 cycles. 


As already indicated, almost all of the experiments were conducted 
with equal intensities or with equal phases, and so involve mental 
readjustments. For the experiments with equal intensities and varying 
phase differences a very good agreement has been established! between 
the direction of the image and that of a\source which would produce 
the applied phase difference. The above theory indicates that although 
such an agreement is in a sense accidental, it is to be expected, since, 
as explained above, the observer will readjust the intensity ratio from 
unity to some value consistent with the phase difference observed. 
Also since the charts indicate that in most cases the direction of the 
image is practically independent of the readjustment made in the inten- 
sity ratio, the results of different observers should be in good agreement, 
as is found to be the case. 

Of.the experiments with equal phases and adjustable intensity ratios 
those of Stewart referred to at the beginning of the paper are by far the 

1 Hartley, loc. cit., and Stewart, Pays. Rev., XV., No. 5, May, 1920, p. 432. 
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most comprehensive. An outstanding feature of these experiments is 
the wide variation in the results obtained by different observers both as 
regards the direction of the image and as regards its sharpness or “fusion.” 
The variation in the direction of the image is to be expected from the 
theory. The observations in connection with the sharpness of the image 
are of interest for the light which they throw on the mental readjustments 
involved. 

The observers were asked whether there was complete fusion and a 
rotation of the image about the head and, if there was partial fusion, 
where the other images were. It is stated! that ‘‘when there was 
only partial fusion, one image did not rotate but remained directly in 
front, or, by trial, in the position determined by the difference of phase. 
It could, therefore, be ascribed to the phase difference effect. Thus the 
terms ‘partial’ or ‘incomplete’ fusion really mean fusion in more than 
one image.”” This would indicate that in certain cases the observer 


1+ INTENSITY RATIO 





@= ANGULAR DISPLACEMENT OF IMAGE 
Fig. 5. 


Ears 165° apart. kc = 3.0. Frequency 1,860 cycles. 


obtained one image, that in the median plane, by making the entire 
readjustment in the intensity ratio and another by readjusting the phase. 
There is, of course, no evidence to determine whether for the second 
image the entire readjustment was made in phase or whether both were 
readjusted. 

It is stated further that ‘‘in the case where there was no fusion, and the 
tube at the left ear was being pinched the single image remained in front 


1 Stewart, PHys. Rev., XV., No. 5, May, 1920, p. 428. The exact meanings of the terms 
“fusion” and ‘partial fusion’’ as used by Stewart are not made entirely clear. At times 
the latter seems to mean that the observer had difficulty in forming any judgment at all, 
while in other cases such as that quoted above, it refers to the formation of multiple images. 
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until the ratio of intensities was very large, t.e., of the order of 200 with 
observer S, and then there appeared directly at the right, or approxi- 
mately so, a second image which increased in clearness with further 
pinching, the image in front simultaneously disappearing, giving in the 
limit, as would be anticipated, but the one image to the right.’’ Here 
the observer very definitely appears to have readjusted the intensity 
ratio to unity to conform with equality of phase even when it involved 
quite large changes. When this readjustment became too great he 
changed over abruptly to a large readjustment of phase, giving the image 
at the side. 

While the degree of fusion varied widely for different observers, the 
results of all four showed the same general variation of the completeness 
of fusion with frequency. As the frequency is increased the completeness 
of fusion falls off to a minimum around a thousand cycles per second and 
increases again up to 1,792 cycles, the highest frequency used. A very 
general qualitative explanation of this result may be obtained from the 
charts. Since one of the criteria given by Stewart for a “‘fused’’ image 
is that it move around the head as the intensity ratio is varied, its 
formation must involve a readjustment of phase difference; consequently 
the difficulty of forming a fused image should be greater the larger the 
readjustment of phase necessary to conform to the small intensity ratio. 
From Fig. 1 it will be seen that for an intensity ratio of 0.09, for example, 
an image may be obtained at r = 2c by readjusting the phase difference 
from 0° to about 75°. In Fig. 3, which is drawn for a frequency of about 
930 cycles, and therefore corresponds roughly to that of least fusion, 
the corresponding phase adjustment is nearer 200°. At the higher 
frequency, 1,860 cycles, represented by Fig. 5, a phase difference of 
360°, which is indistinguishable from zero, is found to be consistent with 
an intensity ratio of 0.09 and no adjustment at all is required. Hence 
it should be easy to obtain a well fused image at the side for this fre- 
quency. 

There remains the problem of analyzing the experimental relations 
between the direction of the image and the intensity ratio, the considera- 
tion of which led Stewart to the conclusion quoted in the first paragraph. 
Since the distance of the image was not recorded, we are not able to plot 
upon the chart of Fig. 1 curves which will accurately display the locations 
of the image as experimentally observed. However, if we arbitrarily 
assume no readjustment of intensity ratio, as was done implicitly by 
Stewart, and plot observed directions against applied intensity ratios, 
we get the curves B and S of Fig. 1. These curves correspond to his 
results, taken with observers B and S, using a frequency of 256 cycles, 
which is not widely different from the chart frequency of 310 cycles. 
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These curves indicate very considerable phase readjustments at the 
smaller values-of intensity ratio. As drawn, they also indicate that the 
image should be quite close to the head in all cases. If, however, in the 
experiments this was not the case, it means only that intensity readjust- 
ment did occur and that each point on the curve should be moved upward 
far enough to give the observed value of r keeping 0 fixed at the observed 
direction. In Figs. 2 and 4 are shown similar curves plotted from results 
given by Stewart for frequencies of 512 and 1,024 cycles respectively. 

Stewart's’ conclusion that theory and experiment are in hopeless 
disagreement was arrived at by comparing curves such as B and S, 
Fig. 1, with the theoretical curve connecting intensity ratio and direction 
for a source at a distance of 477 cm., which was selected,' ‘‘as a common 


a 8 
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@-ANGULAR DISPLACEMENT OF IMAGE 
Fig. 6. 
Ears 180° apart. kc = 0.5. Frequency 310 cycles. 


one, though at distances of this magnitude or greater there is but little 
difference in relative intensities.” Thus the curve he used is practically 
identical with that for a source at infinity and differs from the r = « 
curve of Fig. 1 only in having been drawn for a different ear separation. 
The disagreement between his theoretical and experimental curves is, 
of course, obvious, but in view of the above considerations it is of no 
particular significance. For if the images actually were close to the head 
the experimental curves show excellent agreement with the theoretical 
ones for sources in similar positions. If they were not, all that is neces- 
. Sary to secure agreement is to assume that part of the inevitable readjust- 
ment was made in the intensity ratio instead of all being made in the 
phase difference. In general then the experimental results are entirely 
consistent with the theory outlined above. 
1 Stewart, Puys. REv., XV., No. 5, May, 1920, p. 430. 
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4. SUGGESTED EXPERIMENTS. 


In the light of these results it appears highly desirable that laboratory 
experiments be performed with both phase and intensity adjustable; 
and that the image be located not only with respect to angular displace- 
ment but with respect to distance as well, and that the ability to locate 
actual sources be investigated more fully. If it is found that with 
stimuli corresponding to an actual source the image is as accurate and 
sharp as for the source itself, it will show that phase and intensity are the 
controlling factors. If not other properties should be investigated. 
The results of experiments with other stimuli might also be of interest 
particularly to psychologists because of the light shed upon the prejudices 
of the observer and the dependence of these on his previous experience. 
The writers are not themselves in a position to carry out such experi- 
ments, but it is hoped that the charts here presented will prove useful 
to others who may be working in this field. 


le INTENSITY RATIO 





@-ANGULAR DISPLACE MENT OF IMAGE 
Fig. 7. 


Ears 180° apart. kc = 3.0. Frequency 1,860 cycles. 


Of these charts Figs. 1 to 5 correspond to an ear separation of 165°, 
while Figs. 6 and 7 correspond to a separation of 180°. Each chart is 
for a particular value of kc, which, as explained above, is equivalent to a 
particular frequency. The exact frequency depends, of course, on the 
values assumed for the radius of the head and the velocity of sound. 
The values given on the charts were computed for a sphere of 55 cm. 
circumference and a sound velocity of 340 meters per second. 

With regard to the accuracy of these charts it is probably wise not to 
claim too much. The computations were carried out with considerable 
care and at the expense of a great deal of time, but the convergence of the 
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series expansions used was so slow! for small values of r that after the 
arithmetical results had been obtained a few obvious discrepancies re- 
mained which had to be removed by no more exact means than the 
judgment of the writers. Even this did not appear to suffice for values 
of r less than 2c, which accounts for the omission of such values from the 
chart. It is at least safe, however, to assert that the final accuracy is 
as great as that of the binaural sense itself, so that whatever residual 
errors remain are probably not of serious consequence. 

RESEARCH LABORATORIES OF THE 

AMERICAN TELEPHONE & TELEGRAPH CO., 

AND THE WESTERN ELECTRIC Co., INC., 

April 5, 1921. 


1 In this connection see Rayleigh, Scientific Papers, Vol. 5, No. 292, p. 149. 
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A COMPARISON OF THE THERMIONIC AND PHOTO- 
ELECTRIC WORK FUNCTION FOR PLATINUM. 
By Otto Kopplius. 
SYNOPSIS. 


Variation of Photo-electric Effect with Temperature, to 420°.—(1) Pt filaments 
coated with oxides of Ba and Sr were mounted in an evacuated tube with a quartz 
window and could be heated electrically to any desired temperature. The photo- 
electric current received by a copper oxide coated Faraday cylinder when a strip 
was illuminated with light from a quartz arc was measured with a sensitive elec- 
trometer, and was found to increase rapidly with the temperature reaching a value, 
on first heating to 420°, about 68 times as great as at 20°. The long wave-length 
limit was found to shift with increasing temperature from 2860 to about 3800 A, 
the corresponding work function changing from 4.31 to 3.24 volts. On cooling, 
however, the sensitiveness and wave-length limit did not return to their original 
values, except very gradually, showing marked time-lag effects, due probably to 
changes in the oxide surface. (2) Pt strips, uncoated, were tested in the same 
manner. After preliminary treatment by repeated heating to 900°, the current was 
found to be independent of the temperature to 500°, except for a slight decrease 
due to the magnetic effect of the heating current, and the long wave-length limit 
remained constant within one per cent. at 2570 A. Hence the work function or 
work necessary to detach an electron photoelectrically from Pt comes out 4.80 volts, 
which is close to the values found for the corresponding thermionic work function. 

Relative Energy of Spectrum Lines of Hg, 2301 to 2804 A from an arc in quartz, 
after dispersion by a quartz spectrograph, was determined with a Coblentz thermo- 
pile. 

Variation in Resistance of Pt with Temperature to 600° was measured (Table I.). 


I. INTRODUCTION. 


CCORDING to Richardson,' the equation governing the emission 
of electrons from incandescent solids in a vacuum is 


i = ATI, 


where 7 is the saturation current at a temperature T, from the glowing 
metal to an auxiliary electrode, A is a constant of the glowing substance 
which may be associated with the number of free electrons per cubic 
centimeter of the body in question, T is the absolute temperature, and 6 
is a characteristic constant of the body which is identified with the work 
necessary to bring one electron out of the body. This work may be 
expressed in volts through the relation ge = DK, where ¢ is the electronic 
charge, K is the gas constant for one molecule, and ¢ is the work expressed 
in equivalent volts. Practically all investigations on thermionic emission 


1 Richardson, Phil. Trans. Roy. Soc., A, 201, 497, 1903. 
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have been based on this expression, the validity of which may be con- 
sidered as well established. 

The relation governing the emission of electrons from metals in a 
vacuum under the influence of light was stated by Einstein' in 1905 
in the form 

4mv? = Ve = hv — P, 


where v is the frequency of the exciting light, # is the Planck constant, 
hv is the energy absorbed by the electron from the radiation, p is the work 
necessary to get an electron out of the interior of the metal, and v is the 
maximum velocity with which the electron leaves the surface, which can, 
of course, be determined by the retarding potential V necessary to just 
prevent such an escape. Though the earlier experiments did not con- 
clusively prove the existence of the necessary relations which follow if 
Einstein’s equation is correct,? the more recent experiments? all bear out 
the validity of this equation. 


THE WorK FUNCTIONS IN THE THERMIONIC AND IN THE PHOTOELECTRIC 
EFFECTs. 


A. Thermionic Effect—Several methods have been developed to meas- 
ure the work function in the thermionic effect as represented by the 
constant } in Richardson’s equation. The original method was to take 
the logarithms of the quantities involved in the equation, i.e., 


, b 
log — 3 log T = log A 7 


and then to plot (log i — $log 7) against 1/7. Then if Richardson’s 
equation is correct, we should get a straight line relation whose slope 
would give the value of b. In all of the work by this method an accu- 
rately linear relation has been found. 

Another method which has recently been used is to measure the cooling 
effect due to the evaporation of electrons from the surface of the metal. 
The loss of energy under consideration is analogous to the heat lost during 
the evaporation of liquids, and it may, in fact, be regarded as the latent 
heat of evaporation of electricity from the substance in question. The 
theoretical relations involved have been worked out by Richardson,‘ 
and some very accurate and consistent results by this method have been 


1 Einstein, Ann. d. Physik, 17, 132, 1905; 20, 199, 1905. 

2 Millikan, Puys. REv., 7, 355, 1916. 

3 Millikan, Puys. REv., 7, 18, 1916, and Puys. REV., 7, 355, 1916. Hennings and Kadesh, 
Puys. REv., 8, 209, 1916, and Puys. REv., 8, 221, 1916. Sabine, Puys. REV., 9, 210, 1917. 

4 Richardson, Phil. Trans. A., 201, 497, 1903. 
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obtained by Lester! for the case of tungsten, and by Wilson? for oxide 
coated filaments. 

The agreement between the two methods is very good as may be seen 
from the results for tungsten. Using the first method, Langmuir* and 
Smith‘ get for the value expressed in equivalent volts of the work neces- 
sary to extract an electron from tungsten 4.25 and 4.46, respectively, 
while Lester,5 using the second method gets 4.478 volts. In these experi- 
ments, the emission is thought to be a pure electron emission, uninfluenced 
by gases or surface films. If we are to associate this work with that 
necessary to get an electron out of the metal, it is necessary that all 
secondary effects due to occluded gases, surface films, etc., be eliminated. 
It was believed that this had been accomplished in the experiments 
cited above, so that these values represent the work function char- 
acteristic of tungsten. 

B. Photoelectric Effect—The energy relations in the photoelectric 
effect are given by Einstein’s equation 


3mv? = Ve = hv — p. 

According to this equation, the maximum velocity of the emitted elec- 
trons increases with an increase in the frequency of the incident light, 
and decreases as we go to longer wave-lengths of the incident light. 
This is borne out in all of the experimental work on the subject. Further, 
there will exist for each photoactive material a critical frequency, or 
wave-length, beyond which the target is no further photoactive. At this 
critical stage, the equation reduces to 


hyo _ Pp, 


where vo is the lowest frequency to which the target is just photoactive, 
or the longest wave-length Xo; and p, as before, represents the work 
necessary to just get an electron out of the target. Hence, by determin- 
ing this threshold value of the frequency, or longest wave-length, we 
should be able to calculate the work, », as defined above. 

In order, however, to be able to interpret this work function as a char- 
acteristic constant of the metal itself, it is obviously necessary to eliminate 
all secondary effects due to surface films or other contaminations. 


1 Lester, Phil. Mag., 31, 197, 1916. 

2 W. Wilson, Proc. Nat. Ac. Sci., 3, 426, 1917. 
3’ Langmuir, Phys. Zeits., 15, 525, 1914. 
4Smith, Phil. Mag., 29, 811, I915. 

5 Lester, Phil. Mag., 31, 197, 1916. 








446 OTTO KOPPIUS. Secon 


II. Ospjyect OF EXPERIMENT, AND PREVIOUS COMPARISONS BETWEEN 
p AND Bb. 


The purpose of the experiment was: 

1. To study the variation of the photoelectric current from oxide- 
coated and pure platinum filaments with a change in the temperature 
of the filaments. 

2. To see if a constant long wave-length limit for a substance can be 
determined which is characteristic of the substance; in particular to 
test its constancy with respect to changes in temperature. 

3. To compare the work necessary to get an electron out of the sub- 
stance photoelectrically with that required to get it out of the same 
substance thermionically. 

At first it was thought possible to use the oxide-coated filaments used 
in audion bulbs of the Western Electric Co. as the source, for Wilson! 
had shown that there could be associated with them a definite b. How- 
ever, in the determination of the long wave-length limit of this material, 
it was found that this limit was not constant, but changed considerably 
with temperature. Consequently pure platinum was chosen for this 
comparison work, since previous experiments? had shown that a definite 
b could be associated with it, as well as a definite long wave-length limit, 
and hence a definite p. The choice seems to have been a proper one, 
for a definite long wave-length limit for this specimen has been found 
which remains constant through a wide range in temperature. i 


COMPARISONS BETWEEN )b AND p. 


Considerable work has been done to find the work necessary to get an 
electron out of platinum by thermionic means. Richardson, in reviewing 
these researches, discusses’ these various determinations critically, and 
concludes that the most probable value of 6, expressed in equivalent 
volts, is about 5.00 volts for platinum. Hughes‘ taking the photoelectric 
data on platinum from the Richardson and Compton® paper compares 
the value of p in this case with that of the then accepted value of 6 in 
thermionics for platinum, both expressed in equivalent volts. But in 
this comparison, he used for the value of 6 in Richardson’s equation 
5-34 volts, while the most probable value for platinum according to 
Richardson is very closely 5.00 volts. Moreover, he used for the long 


1W. Wilson, Proc. Nat. Ac. Sci., 3, 426, 1917. 

?For a summary of these expts. see Richardson, ‘‘Emission of Electricity from Hot 
Bodies,”’ p. 69, etc. 

3 Richardson, “‘Emission of Electricity,”’ p. 69, etc. 

4 Hughes, “Photo Electricity,’’ p. 44. 

5 Richardson and Compton, Phil. Mag., 24, 575, 1912. 
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wave-length limit for platinum A» = 2910A, from Richardson and 
Compton’s paper, while the experiments described in this paper yield a 
value of A» about 300A shorter than this. If these newer values are 
used in the comparison, the photoelectric work function comes out very 
close to the thermionic, namely 4.80 volts at ordinary temperatures 
against 5.00 volts at the mean temperature of the thermionic emittor 
which may be taken as about 1100° C. 

Hagenow! made a similar calculation for the case of tungsten. He 
concluded from his experiments that the long wave-length limit for tung- 
sten must lie between the values 2100 and 2300A, which are equivalent 
to 5.87 and 5.37 volts respectively. These values are much higher than 
that given by Lester’s? work, namely 4.478 equivalent volts. 


III. APPARATUS AND PROCEDURE. 


A. The Oxide-Coated Filaments——The filaments were made by the 
Western Electric Company and consisted of platinum strips I mm. 
wide coated with the oxides of Ba and Sr in equal amounts. Four of 
these were welded in parallel to stout platinum leads in such a manner 
that the oxide of the center portions of the strips, upon which the ultra- 
violet light fell, were unimpaired. This target was mounted in a glass 
tube about 3 cm. in diameter, closed by a thin quartz plate cemented to 
the tube by DeKhotinsky cement. A Faraday cylinder of oxidized 
copper served to catch the emitted electrons, and the quantity given off 
was measured by a Dolezalek quadrant electrometer, which could be 
brought to a sensitiveness of 5,000 divisions per volt, although this high 
sensitivity was usually not necessary in the case of these filaments, and a 
capacity was frequently put in parallel with the electrometer. In the 
first portion of the work, a Toepler mercury pump was used to obtain 
the vacuum, and in the lattér part a mercury diffusion pump. Liquid 
air kept mercury vapor out of the experimental chamber. The pressures 
were as low as 3 X 10°° mm. of mercury. The temperature of the 
target was obtained by observing its change in resistance with tempera- 
ture. In the earlier portion of this work on the oxides, an ordinary 
quartz spectrometer was used, in the latter work a Hilger monochromatic 
illuminator. The energy content of the individual lines in the spectrum 
was greater in the former than with the Hilger instrument, but the 
relative results were the same. A quartz mercury arc lamp of the 
Haraeus type served as the source of illumination in all of these experi- 
ments, the lamp always being run at a certain constant energy con- 
sumption. 


1 Hagenow, Puys. REv., 13, 416, 1919. 
2 Lester, Phil. Mag., 31, 197, 1916. 
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B. The Platinum Emittor—A thin strip of platinum foil, 6 X 20 mm. 
and .0005 inch thick was riveted 
to stout platinum leads, two 
fine platinum leads were welded 
to these leads close to the strip 
in order to measure the poten- 
tial drop across it, and the 
whole was then mounted in the 
center of a glass tube of about 


























3 cm. in diameter. A Faraday 
cylinder enclosed the strip ex- 
cept for small openings for the 
heating current and potential 
leads and the opening for the 
incident light. Figs. 1 and 2 
will give an idea of the arrange- 
ment within the tube, and of 
the experimental arrangements. 

It was found that at higher temperatures, the lead-in wires became 
very hot, and to prevent cracking of the tube, two glass cups H were fitted 
to the tube and lead-in terminals and filled with mercury. This arrange- 
ment was found to be very satisfactory. The quartz window in this 
tube was cemented to the glass by a special material kindly furnished by 
the Mantle Lamp Company of America. This cement can be heated to 
200° C. without danger of getting soft or impairing the vacuum. 

The temperatures of the platinum strip were measured by its change 




















Fig. 1. 


in resistance with tem- 
perature. A temper- 
ature-resistance cali- 
bration curve was first 
taken, in which the 
strip was placed in an 
electric furnace and 
its resistance deter- 
inined directly up to 
650° C. In this cali- 


bration, the lower < Bid 
B 



































temperatures were 
measured by a stand- 
ardized high tempera- 
ture mercury in glass thermometer and the higher by a platinum resis- 


Fig. 2. 
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tance thermometer. According to Chappuis and Harker!’ the resistance 
of platinum changes with the temperature in the range from o-500° C. 
according to the formula 


R, = Ro(1 + at + Be) 


where R, is the resistance at the temperature ¢, Ro is the resistance at 
o° C., and 


a= .003922, 
B = — .06585. 
= — .000000585 


Table I. shows the resistance of the strip calculated from this formula 
and compared with the observed resistance taken from the resistance- 
temperature curve. The resistance at 0° C. was 1.010 X 107 ohms. 


TABLE I. 
Observed. Calculated. 
Resistance at 100° C.............. 1.42 X 107? 141 xX io 
xt 1.82 1.80 
gf a 2.20 
ge er 2.58 2.57 
iy. ax ace Sidrins 2.95 2.99 
___ of, re 3.29 3.38 


The potential drop across the strip being small, a potentiometer 
arrangement P was used to measure it. The current necessary to heat 
the filament was furnished by a set of storage batteries B. 

_ The apparatus (Fig. 2) was exhausted by a mercury diffusion pump 
working against a fore-vacuum of about .oo1 mm. of mercury produced 
by a Gaede rotary mercury pump. A barometer tube, B, served as a 
valve to shut off the left-hand side of the apparatus, if desirable. L is 
the liquid air trap. The pressures were measured by means of a Buckley? 
ionization gauge, G. The electron current used with this gauge was 
measured with a Paul single pivot micro-ammeter, the plate current by 
means of a sensitive galvanometer. The pressures used varied from 
1 X 10° to1 X 10-§ mm. of mercury. T is the platinum strip, and W 
the quartz window. 

The source of light for the illumination of the strip in all of these 
determinations was the quartz mercury arc lamp mentioned before. 
It was enclosed in a box, so that it could be run at a high temperature. 
Souder® found that under these conditions the energy output of this 
lamp remained very constant for many hours. The energy distribution 


1 Land. and Bornst, Tables, 1912, p. 1083. 
? Buckley, Proc. Nat. Ac. Sci., 2, 683, 1916. 
3’ Souder, Puys. REv., 8, 683, 1916. 
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in the various prominent lines of the mercury spectrum emitted by the 
lamp was determined by means of a Coblentz thermopile and a shielded 
galvanometer. The values obtained in this work of the relative energies 
of the mercury lines uséd most frequently are given in Table II. 


TABLE II. 
Wave-Length. Deflection © Energy. 
2301A° 2.43 
2378 re | 
2400 3.02 
2483 6.26 
2537 16.38 
2652 13.68 
2700 5.46 
2804 11.48 


The method of obtaining Ao in these experiments was the direct method 
described by Millikan.! The relative energy content of the various lines 
in the spectrum used being known, their relative photoaction is measured 
and then the photocurrent per unit intensity of the line is plotted against 
the wave-lengths. A smooth curve is drawn through the points and 
continued so as to cut the wave-length axis. This gives the longest 
wave-length to which the metal is just photosensitive. The results 
obtained by this method after the metal had been sufficiently denuded of 
gases were remarkably consistent as is shown below. 


IV. RESULTs. 
A. The Oxide-Coated Filaments. 


Variation of Photoelectric Current with Temperature.—In 1906 Millikan 
and Winchester? and Lienhop* independently established the lack of 
dependence upon temperature both of the amount and of the maximum 
value of the velocity of emission of photoelectrons. The former used 
eleven metals in the same tube, and their temperature range was from 
15° to 125° C. The latter used carbon and platinum, and his tempera- 
ture range was from room temperature to — 190° C. Ladenburg* 
found that the velocities of photoelectrons from AU, Pt and Ir were 
independent of the temperatures up to glowing. All of these authors 
used the whole radiation from their respective sources, that is, they did 
not attempt to determine the long wave-length limit of their substances 


1 Millikan, Puys. REv., 7, 355, 1916. 

2 Millikan, Puys. REv., 24, 6,.1907, and Phil. Mag., 14, 188, 1907. 
3Lienhop, Ann. d. Phys., 21, 284, 1906. 

4Ladenburg, V. d. D. P. G., 9, 165, 1907. 
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at these various temperatures. All of the subsequent experimental 
work has supported the results obtained by the above-mentioned authors 
as regards the independence of the maximum velocity of emission of 
photoelectrons and temperature. Varley and Unwin! found a constancy 
of photoelectric current from platinum at a pressure of .0035 mm. of 
mercury, but only after a certain heating current had been applied to the 
platinum foil so as to raise its temperature to at least 50°C. Beyond this 
point the photoelectric current remained practically constant up to a 
temperature of 350° C. 

The behavior of these oxide strips, however, was quite different from 
the above, the photoelectric current greatly increasing with a rise in 
temperature, the rate of increase always being far greater the higher the 
temperature. A typical set of readings follow in Table III., all readings 
being for line 2537A, the time unit being 30 seconds and the incident 
light remaining constant: 


TABLE III. 
Oxide Coated Filaments. Variation of Photoelectric Current with Temperature. 
Temperature. Defiections < Photoelectric Current. 
a <.. 2.0 cm. 
47 2.0 
75 2.0 
120 2.6 
160 4.2 
200 3.5 
240 14.2 
270 16.6 
310 20.6 
350 39.6 
420 135.0 


Then, ten minutes after the heating current in the last reading above 
was thrown off, and the target had returned to 
20° C. 141.0 cm. 


It may be remarked that these deflections did not change abruptly 
as the higher heating current was thrown on, but that there was a gradual 
change toward a higher value as the heating at any particular temperature 
was continued, the rate of increase in all cases being most rapid when 
the heating current was first applied. After heating for some time at a 
constant temperature, the deflections become relatively constant. In the 
above particular set of readings, after the apparatus had stood for seven 
days at room temperature, the deflection had decreased to 40.0 cm., 
i.e., they had not returned to their original value. How quickly and 
how nearly the original values of the photoelectric current were reached 
again depended altogether.upon the temperature to which the target 

1 Varley and Unwin, Proc. Roy. Soc. Edinburgh, 27, 117, 1907. 
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had been heated during the run, the return being quicker and more com- 
plete the lower the temperature to which the target had been heated. 
Even after four months the original value of the photoelectric current 
had not been reached although the deflections had decreased to 4.7 cm. 
Another peculiar behavior was always noted in that, immediately after 
the heating current was switched off, and the target had returned to 
room temperature, the photoelectric current always increased over that 
of its maximum value at the maximum heating current, and it was not 
until hours after, that it began to decrease. This behavior of the oxide 
strips was absolutely general, whether for high or lower vacuum condition. 

Variation of the Long Wave-Length Limit with Temperature.—Along 
with this 68-fold increase in the amount of the photoelectric current, the 
long wave-length limit of these strips also changed as the temperature 
was raised. The long wave-length limit of the filaments in the beginning 
of the experiments was about 2860A. As the heating progressed, it was 
observed that this limit was shifting toward the longer wave-lengths. 
At the highest temperature used in the above data, the target was 
certainly photoactive at \ = 3650A, but not when illuminated with the 
visible violet line 4047A. Without appreciable error, the long wave- 
length limit at the highest temperature above may be taken as 3800A. 
As time went on, the long wave-length limit would slowly shift again 
towards the shorter wave-lengths. 

Using the relation = hv, the work necessary to get an electron out 
of this target by photoelectric means amounts to 4.31 volts at 20° C., 
and to 3.24 volts at 420° C. This latter value is about of the same order 
as found by Wilson! for the thermionic work function for these oxide 
strips. 

The cause for this increase in the photoelectric current, and the de- 
crease in the work function with an increase in temperature need not be 
ascribed to a change in the work function of the unchanged surface with 
temperature, but rather to the fact that the surface of the oxides was 
changed, and hence changed the photoactive properties of the target. 
That a change in such targets actually does occur at higher temperatures 
was shown by Fredenhagen,? namely that the oxides gradually disappear 
and the underlying platinum shows corrosion. Assuming, then, a surface 
change with heating of the oxide coated filaments, it can at least be said 
that in this change the target is put in a condition where the work to 
get an electron out of it is much less at higher than at lower temperatures. 


1W. Wilson, Proc. Nat. Ac. Sci., 3, 426, 1917. 
? Fredenhagen, Ber. d. Saechs. Ges. d. Wiss. Math. Phys. KI., 65, 55, 1913. 
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B. The Platinum Emittor. 

The procedure was similar to that used with the oxide emittor. The 
platinum was very weakly photosensitive at first, the deflection for the 
strong 2537 line only amounting to 0:6 cm. in 30 seconds, and an increase 
in temperature gave an increase in photosensitiveness similar to that 
observed with the oxide strips. After the platinum had been repeatedly 
heated to temperatures of 900° C. and more, however, the behavior was 
different. The photoelectric current no longer increased with a rise 
in temperature, but rather appeared to decrease slightly. This decrease 
was presumably due to the magnetic effect of the heating current upon 
the escaping electrons. The absolute values of the photoelectric current 
varied somewhat from day to day, but the value of the long wave-length 
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limit of the platinum remained constant. This variation of the photo- 
electric current does not affect in any way the determination of the long 
wave-length limit, since the photoelectric currents due to the respective 
lines were affected alike. 

The Long Wave-Length Limit Determinations.—The method of deter- 
mining the long wave-length limit of the platinum strip was the direct 
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method described by Millikan’ in his work on sodium and lithium. 
The relative energy content of the lines in the mercury spectrum of the 
mercury arc having been determined, the photoelectric current per unit 
intensity was plotted against the wave-length and the intercept of this 
curve with the abscissa gave the longest wave-length to which the plati- 
num was photosensitive. At first the platinum showed a behavior 
somewhat similar to that of the oxide strips, though less marked. Thus 
the long wave-length limit shifted toward the longer waves as the tem- 
perature was raised, and then shifted slowly back toward the shorte1 
waves when left standing for a time at room temperature. But after 
glowing out for several hours with a 9.0 amperes heating current, which 
raised the platinum foil to bright red heat, the behavior of this platinum 
was constant as regards its long wave-length limit. In the process of 
this outglowing the pressure rose only very slightly, so that if gas was 
emitted from the strip, the speed with which it was emitted was certainly 
less than the speed of evacuation. Taking then the values of the photo- 
electric currents at various temperatures and plotting them as shown 
in the sample plot of Fig. 3 we get the set of long wave-length determina- 
tions as shown in Table IV. 


TABLE IV. 
Temperature. Long Wave-Length Limit = Xo. 
ao C. 2571A° 
100 2560 
370 2568 a 
490 2564 


It may be added that even after the original tube had to be discarded 
and another tube containing the same platinum strip had been con- 
structed, the result as regards the long wave-length limit was not altered 
in the least after the platinum had again been brought to a steady state. 
Thus the threshold wave-length at which the platinum begins to be 
photoactive may be taken as 2570A at room temperature, and this 
value varies but little if at all with a change in temperature up to 500° C. 
It is believed that this is a constant which is an intrinsic property of 
platinum. This value is about 300A shorter than the value of the long 
wave-length limit for platinum found by Richardson and Compton? 
who get 2880A for this constant. 

If we take then the long wave-length limit for platinum as 2570A, 
we can compute the work necessary to emit an electron by photoelectric 
means, 1.é. 


1 Millikan, Puys. REV., 7, 355, 1916. 
? Richardson and Compton, Phil. Mag., 24, 575, 1912. 
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_ 6.547 X 107” X 3 X 10” X 3 X 10? 
«4.774 X 107” X 2.570 X 10% 





p = hv = 4.80 volts. 

In the thermionic effect, Richardson inclines to the values of b, expressed 
in equivalent volts, as determined by Deininger' and Horton? who get 
5.02 and 5.1 volts, respectively, for the work function in the thermionic 
effect of platinum. 

The Variation of the Work Functions with Temperature-—The work 
function in the thermionic effect has been found to change very little, 
if any at all, with temperature in the ranges of temperatures usually 
employed.. The same may be said for the photoelectric work function, 
as may be seen from Table IV., at least it does not change appreciably 
in the range from room temperature to 500° C. Above this temperature 
it becomes more difficult to determine the long wave-length limit because 
the thermionic effect becomes appreciable, so that the photoelectric 
current must be determined by difference measurements from the 
superposed effects of the two phenomena. This was done with tempera- 
tures up to about 700° C., and an increase in the long wave-length limit 
was observed, amounting to as much as 50A at these higher tempera- 
tures. Further tests will be necessary upon this point, but in view of the 
ease and definiteness with which the intercepts on the wave-length axis 
can be determined, it seems probable that the method will yield a simpler 
and more sensitive test of the temperature variation of the work function 
than can be found in measurements upon the thermionic effect. 

I wish to thank Messrs. Julius and Fred Pearson, mechanicians at 
the Ryerson Physical .Laboratory, for their work and suggestions in 
connection with the construction of the tubes used in these experiments. 

Finally, I wish to express to Professor Millikan my appreciation for 
suggesting the problem and for his continued interest and assistance 
in the course of these experiments. 

RYERSON PHYSICAL LABORATORY, 
THE UNIVERSITY OF CHICAGO. 


1 Deininger, Ann. d. Phys., 25, 285, 1908. 
2? Horton, Phil. Trans. A, 207, §49, 1907. 
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SOME FACTS BEARING ON THE STRUCTURE OF ATOMS, 
PARTICULARLY OF THE HELIUM ATOM. 


By R. A. MILLIKAN. 


SYNOPSIS. 


Discussion of Suggested Models for Helium and Other Atoms in the light of recent 
results of a study of multiple ionization by alpha rays. As will be reported more 
fully elsewhere it has been found that slow alpha rays detach both electrons from 
some of the helium atoms through which they pass, the number of doubles being one 
sixth the number of singles, while in the case of the other gases tested no evidence 
of multiple ionization has been obtained. The result is considered by the author to 
indicate that the electronic orbits in the helium atom must be such as to bring 
the two electrons into the same part of the atomic volume at least one sixth of 
the time, a condition which is well satisfied by the recent models of Landé and 
Bohr in which the orbits cross each other. In the case of other atoms the new 
evidence favors the Bohr models, with few electrons in the outer shells. 

Multiple Ionization in Arcs and Sparks is Probably Due to successive ionization 
of the same atoms. 


ET »p, Fig. 1, be a minute oil drop, carrying for example one free 
positive electron and let the strength of a powerful electrical field 
between the plates A and B be adjusted until the weight of the drop is 
exactly balanced by the pull upon it of the electrical field. Then by 
opening the shutter S let an alpha particle froma bit of polonium at a, 
Fig. 1, be shot underneath the 
drop. The atoms of the gas 
underneath p have electrons 
knocked out of them by the 


© ARR: REI rl —= passage of the alpha rays 
oa 











through them and _ the posi- 
tively charged residue of 


such an atom as happens to 
Earth Earth ™ 


Fig. 1. 


immediately underneath 
the drop is thrown instantly 
to the latter, where the charge carried by that residue is at once deter- 
mined by the speed with which the drop begins to move upward. In 
the actual experiments which have been carried out by this method 
at the Ryerson Laboratory,! the catching of an atom from 
which one electron had been removed by an alpha or beta particle 
1 Phil. Mag. (6), 21, 753, 1911. Puys. REV., 15, 157, 1920. 
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has in general caused the drop to move with a speed of 1 scale di- 
vision in about 14 seconds. If the residue of the atom caught by the 
drop has had 2 electrons removed from it, the drop moves over one di- 
vision in seven seconds, 3 electrons causes it to move over one division 
in 4.7 seconds, etc. 

By observing, then, the speed corresponding to each catch, it is 
possible to determine without the slightest ambiguity exactly how many 
electrons have been removed from an atom by the passage of an alpha 
particle through it. As soon as a catch is observed, the shutter S is 
thrown across the path of the alpha rays so as to prevent further ioniza- 
tion until the measurements upon the last catch have been completed. 

Results by this method have already been published! which reveal 
the interesting fact that a swift moving alpha particle practically never 
succeeds in detaching more than one electron from a given atom ‘through 
which it passes whether that atom is one of the lighter ones like carbon, 
nitrogen, or oxygen, which possess but from 6 to 8 electrons, or whether 
it is one of the heavier ones like iodine or mercury, the latter of which 
possesses as many as 82 electrons. This, in itself, throws a certain amount 
of light on atomic structure, for it shows conclusively that the electrons within 
an atom act quite independently of one another. They are certainly not in 
rings, of say 4 or 8 or any other number which become unstable when one of 
their number is removed, or which can in general be shattered as a whole. 

In view, however, of the fact that the ionizing power of an alpha 
particle is an inverse function of its speed, and also of the fact that J. J. 
Thomson’s positive ray photographs show unambiguous evidence of 
multiple-ionization of certain types of atoms, I have recently started, as 
promised in a former paper,? some new experiments of the type described 
above save that the range of the alpha particle within the chamber 
was so adjusted, by introducing sheets of aluminium foil into its path, 
as well as varying amounts of gas, that it could be brought underneath 
the drop at the very end of its range where its ionizing power reaches 
as high a value as it can ever attain. These observations have been 
carried out in the Ryerson Laboratory chiefly in collaboration with 
Mr. T. R. Wilkins, who has carried the number of catches up into the 
thousands, but I have myself made sufficient observations to obtain an 
independent check upon the correctness of the main results obtained. 
The details of the observations will be reported by him in a following 
article, but the results may be summarized and discussed as follows: 

1. In the case of helium, the alpha particle, when it is in that part 
of its range which corresponds to its maximum ionizing power, detaches 


1 Puys. REV., 15, 157, 1920. 
2? Puys. REV., 15, 177, 1920. 
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both of the two electrons that the atom of helium contains 16 per cent.! 
of the time that it detaches either of them. Otherwise stated, the alpha 
particle shooting at random through the helium atom at its maximum 
ionizing speed, gets both electrons every sixth shot in which it gets anything. 

2. The percentage of doubles produced in helium by the alpha particle 
increases from about 8 per cent. at the middle of the range up to a maxi- 
mum of 16 per cent. which is reached at exactly the portion of the range 
which corresponds to the maximum ionizing power. In other words, 
the curve of doubles plotted against range follows, just as it ought to do, 
the curve of ionization plotted against range. 

3. No atom thus far tested except that of helium shows any distinct 
evidence of multiple ionization by a single alpha particle, even when that 
particle is moving at the speed corresponding to its maximum tonizing power. 
The other atoms thus far tested, all in molecular combination, are those 
of oxygen, nitrogen, carbon, hydrogen and mercury. 

Although the foregoing facts are not sufficient to determine in any way 
the structure of any atom, they are amply sufficient to render impossible 
certain sorts of suggested structures for the helium atom. 

Thus, the original Bohr theory which placed the two electrons of the 
helium atom at the poles of a diameter, cannot be reconciled I think 
with these observations; for, since both electrons go out independently, 
otherwise we should not get one of them alone five times out of six, the 
alpha particle can only rob them both from the parent nucleus (which is 
also an alpha particle) if, in going through the atom, it comes closer to 
both electrons than the normal distance between each of them and the 
nucleus. Now, the speed with which the alpha particle is moving when 
it produces its maximum ionization comes out very nearly the same as 
the speed of rotation of the electrons within the helium atom, as com- 
puted with the aid of the Bohr theory. If, therefore, the alpha particle 
came close enough to one electron to catch it at one pole of a diameter, 
it would have very little chance, even when moving in the plane of the 
orbit, of catching the other electron at the other pole, since by the time 
it got across the orbit, the second electron would be about an orbital 
diameter away from it. If the alpha particle is moving at right angles 
to the plane of the orbit, it has no chance at all of catching both electrons. 
From whatever point of view this structure is approached, I cannot see 
that it permits both electrons to be detached by a single alpha particle 
one-sixth as frequently as either one of them is detached. 


1 The observations themselves give about 15 per cent., but the helium was but about 96 
per cent. pure, and since the impurity was inert in this particular, it is computed that pure 
helium would show about 16 per cent. of doubles. 
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Secondly, the facts herewith presented are also irreconcilable with a 
structure at one time suggested by Sommerfeld in which one electron 
rotates in an orbit close to the nucleus, while the other is in an orbit of 
very much greater diameter, for here again the chance that the alpha 
particle can come close enough to an electron to pull it away should 
vary at least as rapidly as the radius of the orbit, which would mean 
that the inner electron could not be detached one sixth as frequently as 
the outer unless its orbit were more than one sixth the diameter of the 
outer’s orbit. The chance, then, that with any such ratio of orbits both 
electrons would be detached at once, would be exceedingly minute. 

It is to be noted too that since the chance of an impact with the 
nucleus itself in such a way as to cause it to be jerked away from both 
its electrons is not a hundred-millionth (10~/10~)? of the chance of a 
passage of the alpha particle through the outer regions of the atom it is 
at once obvious that this way of accounting for doubles is altogether 
excluded. 

In a word, then, the fact that every sixth shot which detaches any electron 
at all from the atom, gets them both, demands that both electrons find them- 
selves in the same part of the atomic volume a very appreciable fraction of 
the time. This condition is well satisfied by the recent theories of Landé 
and of Bohr, according to which the two electrons are in orbits of much 
the same diameter but inclined to each other at angles of 60° or 90°. 

It is at first sight a matter of no little surprise that the helium atom, 
with but two electrons to lose, loses them both one-sixth of the time while 
the atoms with many electrons, in the case of mercury, 82, apparently 
have in general but one detached at a time by the passage of an alpha 
particle through them. This fact is of some significance for atomic 
structure. The evidence of the K series of x-rays is to the effect that the 
structure of the helium atom repeats itself in the K ring or shell of all 
atoms. That the two electrons in this ring are not detached by alpha 
particles except in the case of helium is not surprising, since the ring 
shrinks rapidly in diameter as the atomic number increases, and since 
the forces holding these electrons to the nucleus also increase propor- 
tionally to the atomic number. That the larger number of electrons in 
the outer shells appear in practically all cases to be detached by alpha 
particles one at a time, indicates, first, a different structure in these shells 
from that existing in the inmost one, 7. e., existing in the helium atom— 
a difference quite in accord with the multiplicity of orbits indicated by 
the theories of Bohr and Sommerfeld. In the second place, it shows, 
quite independently of the theory of Bohr, but also altogether in accord 
with it, that in an atom like mercury the great majority of its 82 electrons 
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are in intense fields of force close to the nucleus where the chance of the 
alpha particle coming close enough to them to rob them from that highly 
charged nucleus is exceedingly remote. It will be remembered that the 
elementary form of the Bohr theory requires that the radii of the K, L, 
M, etc., rings or shells bear the ratios 1, 4, 9, etc., and that these radii 
all shrink in the inverse ratio of the atomic number, while the observed 
frequencies in the K, L, M series indicate actual ratios of radii, computed 
from Bohr’s equations, which are somewhat larger than the foregoing 
values. 

The present group of experiments, then, constitute new evidence in 
favor of an atom of the general type postulated by Bohr in which the 
chance that an alpha particle could detach electrons from any save the 
outer shell is very remote. That it does not detach two at a time, even 
from the outer shells of the N, O, or Hg atoms, while it does frequently 
get them both in the case of helium, is perhaps to be expected from the 
larger diameters, and the more powerful nuclei of N, O, and Hg in com- 
parison with He, and from the imperfect shielding of these outer shells 
by the electrons of the inner shells. Bohr may also find in it support 
for his recent contention! that the outer shell of heavy atoms possesses 
few eléctrons instead of many as postulated in most of the discussions 
of the ‘‘Static Atom.”’ 

In view of the failure to obtain multiple ionization in these experiments 
with oxygen, nitrogen, mercury and other of the heavier atoms, even when 
the alpha particles are moving with the slowest speeds, it appears not 
improbable that the multiple ionization observed by J. J. Thomson and 
others in connection with positive rays, and also the double ionization quite 
conclusively indicated by the differences between arc and spark spectra, may 
be due to the successive ionizations of the same atom by electrons or by radia- 
tions from adjoining atoms, or by both. These multiple ionizations are 
revealed where very dense electron currents exist, but with such dense 
electron currents there is no doubt about the existence of such successive 
ionizations both by the absorption of radiation and by multiple electronic 
impacts. Such an assumption is required for the explanation of the 
phenomena of low voltage arcs. Further, the higher the atomic number, 
the more chance there is for such multiple ionization, and it is to be 
noticed that a study of the multiple ionization obtained with positive 
rays, shows that the number of multiples increases with atomic number 
much as it should if that hypothesis is correct. 


NORMAN BRIDGE LABORATORY OF PHYSICS, 
PASADENA, CALIFORNIA. 


1 Nature, March 24, p. 104. 
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THE EXTENSION OF THE X-RAY SPECTRUM TO THE 
ULTRAVIOLET. 


By E. H. Kurtu. 


SYNOPSIS. 


Characteristic X-Radiation Due to Slow Electrons, 1,000 to 12 Volis.—By using 
the methods of modern high-vacuum technique, the difficulties experienced by 
previous investigators have been largely overcome. The radiation was measured 
in terms of the photo-electric current excited from a Pt dish. The effect was made 
large by utilizing a hot tungsten helix as a source of electrons, and all disturbances 
due to gas ions formed by the electrons were eliminated by maintaining a very high 
vacuum and by interposing an electrostatic field across the path of the radiation. 
The deflections thus obtained were large and perfectly reproducible. When the 
deflections per unit thermionic current were plotted as a function of the accelerating 
potential, sharp breaks appeared which each indicate the minimum energy necessary 
to excite the corresponding characteristic radiation. From these energy deter- 
minations the corresponding wave-lengths were computed using the quantum 
relation. Thus the following values have been obtained for the convergence wave- 
lenghts in Angstroms: K-series of carbon 42.6, oxygen 23.8; L-series of carbon 375, 
oxygen 248, aluminum 100, silicon 82.5, titanium 24.5, iron 16.3, copper 12.3; M- 
series of aluminium 326, titanium 85.3, iron 54.3, copper 41.6; N-series of iron 247, 
copper 116. The relation of these results to those obtained by crystal analysis and 
by spectrum analysis is discussed. It is suggested that the radiation from solid 
targets may differ from the radiation from gaseous atoms, especially for the lighter 
elements. 


T was probably first suggested by Sir J. J. Thomson that it might be 
practicable to investigate by means of x-radiation produced at 
relatively low voltages that region of the spectrum falling between the 
wave-length of the longest measured x-rays and that of the shortest 
ultraviolet radiation studied spectroscopically. Difficulties in ruling 
suitable gratings and their low reflecting power have limited the explora- 
tion of this region from the ultraviolet side, while the close grating space 
of crystals and their strong absorption of the radiation have prevented 
the application of the methods of x-ray analysis. Now from the quan- 
tum relation eV = hy, it is evident that the upper frequency limit of 
this region corresponds to electronic impacts of approximately 1,000 
volts. Investigators thus far, however, have been chiefly concerned 
with the question of the actual production of radiation by impacts of 
these slow-moving electrons against a solid anticathode, and experiments 
have indicated its presence for potentials down to values below 100 
volts. Convincing evidence, however, of the presence of radiation in 
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this region really characteristic of the particular anticathode material 
employed has not yet been secured. 

A brief summary of the work done on soft x-radiation prior to 1919 
was given by Dadourian in a paper published in that year.' Early 
in the following year a paper by Misses Laird and Barton appeared.’ 
Still later a preliminary report relative to some work by Holweck was 
made before the French Academy of Sciences.’ 

The experimental arrangements used by the several observers who 
have endeavored to secure quantitative results have been of an essentially 
similar type. A hot cathode as a source of thermions and an anode, 
together with a device for detecting and measuring the effect of the 
radiation produced, are sealed into a common container which is then 
highly evacuated. The detecting arrangement consists of either an 
ionization chamber, separated from the compartment in which the radia- 
tion is excited by a very thin membrane, or simply of a metal disk con- 
nected to an electrometer, which will thus measure the photoelectric 
effect of the radiation falling upon the plate. It has been generally 
customary in any case to interpose a window of collodion or other suitable 
material between the source of the radiation and the arrangement em- 
ployed for detecting it. ‘The purpose of this window is to prevent the 
passage through to the detector of ions formed in the x-ray compartment. 

This method of ensuring freedom from the effects of the ions is open 
to a number of objections. It is well known, for instance, that radiation 
of this range of wave-lengths is considerably absorbed by even the 
thinnest of membranes. If collodion is used for the window, furthermore, 
it is difficult to give the apparatus the requisite heat treatment during 
the exhausting process. With an apparatus in which she employed a 
window, Miss Laird was able to observe no radiation effects with anode 
potentials below 200 volts. Holweck secured no effects below 70 volts. 
The discrepancy between these results and those obtained by other 
investigators who have observed effects attributed to radiation at much 
lower potentials, would be best explained, perhaps, by assuming that 
radiation of longer wave-length was to a considerable extent absorbed 


1A, Wehnelt and W. Treuble, Litz. Phys.-Med. Soc. Erlangen, 37, 1905. 
H. Dember, Verh. Deutsch. Phys. Ges., 13, p. 601, IQII. 

H. Dember, Verh. Deutsch. Phys. Ges., 15, p. 560, 1913. 

R. Whiddington, Camb. Phil. Soc., 17, p. 144, 1913. 

J. J. Thomson, Phil. Mag., 28, p. 620, 1914. 

Elizabeth R. Laird, Ann. der Phys., 46, p..605, 1915. 

H. M. Dadourian, Puys. REv., 14, p. 234, I919. 

2E. R. Laird and V. P. Barton, Puys. REv., 15, Pp. 297, 1920. 

3’ Holweck, Comptes Rendus, 171, p. 849, 1920. 
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by the window employed, and that the lowest voltage at which radiation 
is detected depends on its intensity. 

Now it seemed probable that if recourse were taken to the methods of 
modern high-vacuum technique, it might be possible practically to 
eliminate those ion effects which have led to the use of a window. The 
comparatively few ions which would then be formed could be removed 
by a system of electrified plates without introducing serious secondary 
effects. The employment of a high vacuum, furthermore, would permit 
the use of a tungsten filament as a cathode, which, under these conditions 
might be placed very close to the target without danger of serious con- 
tamination of the target surface. The high thermionic current at low 
voltages made possible by the increased electric intensity resulting from 
this close spacing of the cathode and the target would be conducive to 
increased radiation effects at the lower potentials. The problem of 
freeing the target of gas would likewise be facilitated, because the bom- 
barding process could be effectively carried on at the moderate voltages 
available. In arrangements which have been used up to the present, 
an exceedingly small proportion of the radiation produced at the target 
could actually contribute to the measured effect, due to the fact that the 
detecting device has subtended such a relatively small portion of the 
active solid angle about the target. It seemed that it might be com- 
paratively easy to render a much larger proportion of this radiation 
effective by suitable design of the apparatus. 

Thus an attempt has been made to effect improvements over previous 
experimental arrangements with two aims in view: (1) the practical 
elimination of impeditive effects; (2) the production of a large increase 
in the effect to be measured. The first consideration requires the com- 
plete elimination of the possibility of gas ions reaching the detecting 
device, and the reduction to a minimum of the effect of all radiation not 
arising as a result of impacts of electrons against the atoms of the target 
element. With regard to the second consideration, the radiation effect 
has been increased to such a magnitude that the readings may be taken 
upon a shunted and comparatively insensitive electrometer. With this 
measuring arrangement one experiences an almost complete freedom 
from insulation troubles and from electrical disturbances coming from 
without the system. As a result the deflections are found to be remark- 
ably consistent, and the resulting curves are entirely reproducible. 


APPARATUS. 
The form of the apparatus which was used in obtaining the results 
given in this paper is represented diagramatically by Fig. 1. A hot 
cathode, C, consisting of a short length of helically wound, 1o-mil tungsten 
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wire was mounted in the small end of a large conical glass tube. The 
target, J, normally about 6 by 12 mm. in section, was arranged to be 
changed at will through the agency of a small ground glass joint, J, 
which was made tight with a little De Kotinsky cement. The long 
glass stem on which the target is mounted was designed to fit the side 
tube quite closely, and originally a short glass appendix which could be 
immersed in liquid air was attached at the base of the seal. This device, 
it was hoped, would make it improbable that any trouble might be 
encountered due to the leakage into the apparatus of water vapor coming 
off the glass near the joint. In actual operation, however, it was found 
that the escape of gas from this joint was negligibly small. In the body 
of the tube a system of seven diverg- 
ing plates was arranged, between which 
the radiation from the target must pass 
before reaching the further compart- 
ment of thetube. Alternate plates of 
the set were connected together form- 
ing two groups, P and P’, one of 
which was then joined to the gauze G 
and the other to the gauze G’. Leads 
from these two gauzes as well as from 
the third gauze, G’’, were brought to 
the outside of the tube as indicated in 
the figure. These gauzes are all of 
exceptionally coarse mesh and they do 
not intercept an appreciable propor- 
tion of the radiation. The radiation 
detecting plate, D, is about 5 cm. in 

a oe | heer diameter and is made of platinum, as 
cmeet are all of the other metal parts. Ap- 
propriate guard ring devices, not shown 
in the drawing, were provided to take care of volume and surface leakage 
of electricity to the detecting disk. 

A large two-stage condensation pump backed up by an oil pump is 
used to evacuate the apparatus. Large bore tubing is employed for 
connections and two liquid air traps, one of which contained charcoal, 
are located between the pump and the apparatus for the purpose of 
freezing out mercury vapor. A reasonably sensitive McLeod gauge and 
a mercury cut-off are provided close to the pump for use in detecting 
the presence of possible leaks. An appendix containing a small quantity 
of charcoal is also connected directly to the apparatus. Electric heaters 
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are arranged to bake out the apparatus, charcoal and traps at about 400° 
for several hours before every run. Simultaneously the connecting tube 
is well heated with a Bunsen flame. Finally at the conclusion of this 
heating process the charcoal and vapor traps are immersed in liquid air. 

As long as the charcoal is being heated, a pressure of a small fraction 
of a bar is always indicated by the gauge. When this heating is dis- 
continued, however, the pressure at once becomes immeasurably small. 
The pump is always kept in operation during the runs. 

The tungsten cathode is heated by a set of high-capacity storage cells. 
Its resistance is approximately 0.7 ohm and it requires from 4 to 6 
amperes to light it. The negative end of the cathode is joined to the 
gauze G and the connection is earthed. The anode voltage is provided 
by a small 1,500-volt direct-current generator. This potential is regulated 
by slide resistances and is measured on a 150-volt Weston voltmeter 
which is fitted with an adjustable series resistance to give suitable range 
to the scale. The thermionic current in this circuit is read upon a Paul 
Universal Testing Set. The set of plates which is joined to the gauze 
G’ is connected to a group of dry cells which provide an adjustable 
source of potential up to 600 volts. The gauze G’’, which receives the 
photo-electrons from the detecting disk, D, is raised to a potential of 35 
volts furnished by a small battery. A Dolezalek electrometer with a 
sensitivity of about 1,700 mm. per volt is connected to the detecting disk, 
and the instrument is fitted with a series of India ink shunts of different 
resistances. Thus definite scale deflections rather than rate of deflection 
are observed when radiation falls upon the detecting disk. 

In the original set up a large electro-magnet was arranged so that a 
strong magnetic field could be applied perpendicularly to the plates. 
Under the influence of this field the normal, direct path of an ion passing 
between the plates would become converted into a series of loops, and 
the corresponding length of time that the ion would remain between the 
plates would be considerably increased. One might expect to remove the 
ions under these conditions with an electric field of very moderate 
strength between the plates. When the arrangement was actually tried, 
however, serious complications were introduced. The stray magnetic 
field greatly reduced the thermionic bombarding current and the photo- 
electric current from the disk. The tube was therefore carefully shielded 
from the effects of the stray lines by means of a series of soft steel frames. 
When this was done, and when an electric field of about 100 volts was 
applied to the plates, it was found that variations in the strength of the 
magnetic field did not affect the magnitude of the electrometer deflec- 
tions. Asa result of this test the magnetic field was proved unnecessary 
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and this feature was completely eliminated after a few of the preliminary 
runs on the apparatus. 

In fact it is easy to show by a simple calculation that it ought to be 
possible to remove ions, moving with the maximum velocity that one 
might reasonably expect under the conditions, by the application of a very 
moderate potential to such a system of plates. The calculation shows 
that a hydrogen ion, for instance, with a velocity corresponding to a fall 
through 1,000 volts, would be removed by a plate potential of the order 
of 100 volts. Secondary effects arising from the impacts of the ions 
against the plates in this apparatus, furthermore, are not likely to be 
serious if the number of impacts is not excessive. With a view, therefore, 
to reducing the number of ions present to a minimum particular care 
has been exercised to secure the very best vacuum conditions, and, as 
far as possible, to free the target from occluded gas. 

Thus, preliminary to all runs, the target is given a thorough heat 
treatment, which consists in raising it to as high a temperature, by 
electronic bombardment from the cathode, as the particular element in 
use will safely withstand. A current of about 30 milliamperes at 300 
volts is sufficient to bring the anode to a bright red heat. This pre- 
liminary heat treatment of the target is always carried out at a higher 
temperature than will be reached in the subsequent run. 


EXPERIMENTAL TESTS. 


When the cathode is heated, asmall deflection of the electrometer 
regularly takes place before the anode voltage is applied and it is in a 
direction corresponding to a positive charging up of the detecting disk. 
This deflection results from a photoelectric action upon the disk pro- 
duced by intercepted light from the glowing cathode. Its magnitude 
depends upon the temperature of the cathode, and when this is very high, 
it may amount to 25 millimeters with a shunt permitting moderate 
electrometer sensitivity. This small deflection is, of course, constant 
for any particular set of readings, and its effect is completely eliminated 
by resetting the zero of the scale. 

If now the anode voltage be gradually applied—assuming a potential 
of, say, 100 volts between the plates—the electrometer will remain un- 
affected until a potential of from 12 to 25 volts is attained depending on 
the material of the target. Then it will begin to deflect slowly in the 
same direction as before, and the magnitude of this deflection increases 
rapidly with further increase of the anode voltage. 

If the anode voltage be now adjusted to some value which will give 
a fair scale deflection, an increase in the potential across the plates will 
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not change its magnitude. If, however, the plate potential be reduced, 
the deflection will not change until a comparatively low critical potential 
difference is attained. Then a sudden increase is observed, and a further 
decrease in the plate potential will result in an off-scale deflection. The 
setting in of this effect is certain indication that positive ions formed in 
the radiation compartment are beginning to pass between the plates to 
the detecting disk. The value of this critical plate potential seems to 
be somewhat characteristic of the target element which is being used. 
With the carbon target it was found to be as high as 30 volts but with 
titanium it was below 12 volts. Since, during most of the actual runs, 
the plates have been charged to 135 volts, these experiments indicate 
unquestionably that the system of plates as used is perfectly effective in 
preventing the passage of charged bodies through to the detecting disk. 

There is still, however, the question of the radiation associated with 
the formation of these ions to be considered. No direct tests with a 
view to differentiating between the true target radiation and gas radiation 
have yet been made. However, there are several indications that the 
latter effect may be safely neglected in the present investigation. First, 
the results secured are characteristic, in a recognizable fashion, of the 
different elements used as targets. There is no reason to believe that 
radiation from residual gas would behave in this manner. Second, the 
only gas presumedly present which might cause trouble in this work is 
oxygen. No characteristic radiation effects from this gas similar to 
those which were later secured when the element itself was used in an 
oxide as a target were ever observed. Third, the gas pressure was 
known to be too low to permit a sufficient number of impacts against 
gas atoms to give a detectable effect. 


RESULTS. 


When the electrometer deflection is plotted as a function of the anode 
potential, curves of the type shown in Fig. 2 are obtained. In some 
cases marked discontinuities or “breaks” in the curvature are dis- 
cernible, as in the curve for iron referred to, while in others it is practically 
impossible to determine with any degree of precision the position of a 
definite break in the curve. If, however, the deflection per unit ther- 
mionic current is plotted against the anode potential, the resulting relation 
is linear. Any change in the rate of increase of the effect with the 
voltage will now be very evident, and to determine the position of the 
break point with considerable precision, one has only to draw the two 
best straight lines through the plotted points on each side of the break, 
and the position of the break will be indicated by their point of inter- 
section. 
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The radiation produced by impacts of electrons against a solid consists 
of two distinct types: general radiation and characteristic radiation. 
Both types are generally present and both evidently increase in intensity 
linearly with the voltage. A break point in the curve indicates the setting 
in of a new type of radiation, which is found to be characteristic of the 
target element. From a priori considerations the break may be either 
an upward or downward inflection, depending on whether or not the new 
characteristic radiation produces a larger photoelectric effect than would 
be produced by the additional general 
radiation which would be emitted if 
this characteristic radiation did not 
set in. It has been found that in 
general the setting in of characteristic 
radiation is indicated by an increase in 
the total emission. However, one ex- 
ception has been thus far noted in 
these experiments. The L series of 
silicon is evident as an actual falling 
off in the total radiation. Evidently, 
in this case, the increase in character- 
istic radiation is insufficient in amount 
to balance the falling off in general 
radiation. This phenomenon has 
been previously noted in an investi- 
gation of the variation of total x-ray 
intensity with voltage in the case of silver, for radiations of the ordi- 
nary x-ray type.' However, while the presence of characteristic radia- 
tion is usually shown by an upward inflection in the curve, the 
sharpness of the break varies considerably with the different elements 
and among the several x-ray series of the same element. It is hoped 
that later, when more elements have been studied, it will be possible 
to establish some sort of a periodic relationship relative to the inten- 
sity of the characteristic radiation from the different elements. 





Volts 
Fig. 2. 


CARBON. 


The radiation curves for carbon are given in Fig. 3. The upper curve 
shows the break corresponding to the K series of the element and the 
lower one indicates the L series. Both curves are the results of single 
runs over the respective ranges. The target in this case was cut from 
a piece of graphite, and during the procedure of evacuating the appa- 
ratus, it was brought to a white heat by thermionic bombardment. 


1 Brainin, Puys. REV., 10, p. 461, 1917. 
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Despite this exceptionally favorable heat treatment, however, the carbon 
seemed to require, in order to eliminate the direct effect of positive ions, 
a little higher minimum voltage across the plate than any other element 
thus far studied. Perhaps this fact may account for the apparent slight 
departure which is to be noted in the case of the carbon curves from a 
fair linear relationship between break points. The L series break indi- 
cated for this element is of special interest because it presumedly arises 
as a result of electrons falling into the very outer shell of theatom. There 
was considerable reason to expect, in fact, that one might actually not 
observe a sharp break corre- 
sponding to this series for car- 
bon in the solid form because 
of the proximity of the neigh- 
boring atoms. As it is, there 
is probably little question but 
that the potential energies of 
the electrons in the outer shell 
of the carbon atom vary 
somewhat, depending upon 
whether the atom is free as 
in a vapor or whether it is 
combined with other atoms 
as in a solid. Thus one 
might expect to find that the L series of the solid carbon, for instance, 
is somewhat different from the L series, if it might be obtained, of the 
vapor. 





Fig. 3. 


CopPER. 


The copper target used in these experiments was heated for a consider- 
able time to a temperature close to its melting point. Finally, just prior 
to making the runs, the temperature was raised until the target melted 
a little at one end, and during this process, a considerable quantity of 
copper was distilled upon the inner surface of the glass tube. In the 
case of one of the preliminary runs which was made with an unusually 
high thermionic current, a strong break in the curve was obtained at 
about 500 volts. The position of this break was, however, found to 
depend upon the temperature of the target and it was unquestionably 
due to vaporization of the copper at these voltages, the new radiation 
arising from the copper vapor. But the actual runs, for which the 
curves are given, were made with the target at relatively low tempera- 
tures and.in no case did this exceed that of a dull red heat. 
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The results for copper are given by the curves of Figs. 4, 5, and 6. 
A range up to 600 volts is shown in Fig. 4. This curve shows a break 
corresponding to the M series 
and the presence of a some- 
what less sharply defined but 
intense effect beginning a 
little above 100 volts. This 
lower effect is shown to 
better advantage by the 
curve of Fig. 5, taken with 
larger currents. The absence 
of the customary sharpness 
in the case of this break 
thay be accounted for by as- 
suming that the group of 
lines in the spectral -series 
which it represents may ac- 
tually include two or more convergence limits. This is found to be the 
case in the portion of the M series already studied and presumedly it 
would likewise be true of a still more complicated N series. The L 
series break for the element is given in the curve of Fig. 6. 





Fig. 4. 





Fig. 5. 


OXYGEN. 


When the experiments with copper were concluded, the target was 
removed, and the surface of the metal was carefully oxidized in a Bunsen 
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flame. It was immedjately reinserted and the apparatus re-exhausted. 
It was found that the oxide on the copper would safely withstand a 
temperature corresponding to a low red heat. The curves of Fig. 7 
give the positions of the K and L series breaks obtained for this element. 





Fig. 6. 


The breaks for copper could also be obtained with this target, but their 
. positions were so far removed from the oxygen breaks as to cause no 
uncertainty in the interpretation of the results. 








ALUMINIUM. 


Some unique difficulties were experienced in the work with this element. 
In the first place, the bombardment process had to be very carefully 
carried out because of the comparatively low melting point of 657°. 
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Secondly, it was found that the break points would gradually decrease in 
sharpness during a series of runs on successive days and, eventually, one 
would obtain practically a straight-line relationship over the entire 
region of the breaks. If the target were now removed from the appa- 
ratus, resurfaced, and again replaced, the break points would not be 
observed, or at best, perhaps, very weakly, upon making a run. In 
order to obtain the break as originally it was necessary to insert a new 
target. It is possible that the unusual behavior of this element is due 
to some peculiar action of mercury vapor upon the aluminium. Since it 
was not ordinarily convenient nor considered desirable to keep liquid air 
on the traps over night or during the baking-out treatment, the target 
was exposed to the action of the vapor at three or four microns’ pressure 
between the experiments. However, there were no visible indications 
of any effect of the mercury upon the target and if the tendency were to 
form an alloy, it is a little difficult to see why a temperature of red heat 
did not break it down. 
TRON. 

The L and M series breaks for iron are given in the two curves of 

Fig. 8. The lower break, corresponding to an N series, is shown in the 





Fig. 8. 


curve of Fig. 2. This break is likewise evident in the lower curve of 
Fig. 8. The lack of sharpness of the M series break which is to be noted 
is evidence that the M series at this point contains more than one con- 
vergence limit. ; 
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TITANIUM. 
There is little of special interest evident as yet with regard to the 
radiation of this element except that the break corresponding to the L 
series is exceptionally strong. Both the L and M series are observed. 


SILICON. 
The work with silicon has not yet been completed, but the tendency, 
first noted with this element, for the intensity of the effect to fall off 
coincidently with the setting in of the characteristic radiation has been 


previously discussed. 
INTERPRETATION. 


Fig. 9 shows the Moseley curves extended to include the types of 
characteristic radiation discovered in the investigation described above. 


pasae 
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Fig. 9. 


The square roots of the frequencies of the characteristic radiations are 
plotted against the atomic numbers of the chemical elements, showing the 
K, L and M series of radiations. The solid curves refer to radiations 
investigated by the ordinary crystal method of x-ray analysis and show 
how far toward the region of longer wave-lengths each type of radiation 
has been detected. The plotted points represent the results of the 
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present investigation and the dotted lines through them indicate their 
probable relationship with the ordinary types of x-radiation. 

The abscisse marked V, L and M indicate the short wave-length 
limits reached by spectroscopic methods in the regions designated as the 
ultraviolet region, the Lyman region and the Millikan region, respec- 
tively. There remains a large gap from about 100 A. to about 10 A. 
in which no previous method of spectrosopy has been applicable and in 
which the first definite results are given by the present work. 

In conformity with the results of Webster’s work on the excitation of 
x-rays,' it is evident, by extrapolation from the x-ray curves, that the 
characteristic radiations in the present experiments are excited only 
when the bombarding electrons possess energy corresponding to the 
convergence frequencies of the series. These convergence frequencies 
are almost identical with the y lines of the K and L series, but lie very 
slightly to the right of these lines in Fig. 9. In the K and L series the 
observed points fall on a reasonable extrapolation of the known. lines. 
In the case of the M series the extrapolation is too great to be considered 
as anything but a suggestion, whereas the N series is purely hypothetical, 
sire the two points ascribed to it may prove to belong to a second group 
in the M series. It is planned to investigate a number of elements of 
higher atomic number in order to connect these observations with the 
known points of the M series. 

It appears that the K series continues uniformly down to hydrogen, 
for which the plotted value is obtained from the convergence frequency 
of the Lyman series. The curve is slightly concave downwards. 

By applying the combination principle it is possible to predict the 
extension of the L a line as far as sodium, atomic number 11, and the 
L ¥ line to calcium, atomic number 20. The observed frequencies of 
the L radiations of copper, iron, titanium, silicon and aluminium are all 
larger than the values predicted by the combination principle. But the 
observed values of frequencies in the ordinary x-ray region are also 
larger than those predicted by the combination principle, and by about 
the same amount. Thus there is no reason for believing that the curve 
through the observed points is not an accurate continuation of the curve 
through points representing the L convergence frequencies in the ordinary 
x-ray region. It is planned to test some elements of atomic numbers 
slightly higher than that of copper in order to secure an actual over- 
lapping of the two methods ir this part of the spectrum. 

The lower part of the dotted curve for the I. series departs consider- 
ably from the extension of the L series curves piedicted by the combina- 


1 Webster, Puys. REv., 7, p. 599, 1916; Webster and Clark, Nat. Acad. Proc., 3, p. 185, 
1917. P 
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tion principle, which principle suggests that the L a@ line should continue 
straight into the ‘“Y”’ axis at about atomic number 7, while the L vy 
line should lie below it and be somewhat concave downwards. Some 
recent unpublished results, kindly communicated to us by Dr. Foote 
and Dr. Mohler, on soft x-rays from gases, fall consistently on, or to 
the left of, the extension of the L a line predicted by the combination 
principle. But the present results should lie to the right of this line 
because they give convergence frequencies, and because this line is known 
to be to the left of the actual values where they are known in the x-ray 
region. Furthermore, Millikan has observed spectroscopically the L° 
series of carbon, and Sommerfeld points out strong reasons for believing 
that hydrogen possesses an L series in its Balmer series. Thus the 
L curves must actually curve downward toward the origin, and there is 
no obvious reason for bélieving that the L curve in Fig. 9 is not correct. 
It is likely that the difference between the results shown in Fig. 9, which 
applies throughout to radiation from solid targets, and those obtained 
by Foote and Mohler for gases and vapors is due to an actual modifica- 
tion of the characteristic frequencies in atoms of solids, arising from the 
influence of neighboring atoms. This modification would be expected 
to be less important at the higher frequencies, but would probably be 
very important in the case of radiation from electrons in the outer shells, 
or orbits. It may be that this influence accounts for the inexactness of 
Kossel’s relations when applied to x-radiation from solid targets. 

The M a@ curve can be predicted by Kossel’s relation down as far as 
calcium. It shows a strong curvature downward, occurring at about 
cobalt, atomic number 27, and by analogy, leading us to expect a similar 
downward inflection near the foot of the L curves. There are no data 
whereby the convergence frequencies of the M series can be predicted 
in the region in which we are interested. The observed characteristic 
radiations, ascribed to the M series, are of considerably higher frequencies 
than the predicted M a radiation, the frequency difference being about 
the same as that found in the L series. 

The lowest voltage at which detectable radiation was produced is 
12.5 volts, in the case of oxygen. This corresponds to a wave-length 
of 990 A. In most of the other cases the radiation was first detected at 
about 20 volts. The relatively large importance of velocity distribution 
corrections and of slight zero shifts on the accuracy in this region of 
low voltages probably renders these results of little interest, except in 
that they prove the production of radiation by impacts at these small 
voltages. It is hoped that a subsequent re-design of the apparatus may 
enable better accuracy to be secured in this region of weak effects. 
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The following table gives the averaged results obtained thus far in this 
investigation. 
TABLE I. 
Convergence W ‘ave-lengths. 
Atomic K L M N 
Number Element. Series. Series. Series. Series 
| j 
brid xie | Carbon | 426A a ae _— 
Meacevsns Oxygen 23.8 248 — — 
13 Aluminium | © —— 100 | 326 A. — 
/¥ Silicon [oe— 82.5 — — 
22 Titanium =| = — 24.5 85.3 — 
ob Iron /_o— ms |. >a 
setae = 12.3 41.6 116 


There is overlapping of these results with those obtained by Professor 
Millikan! in the extreme ultraviolet. He has definitely placed the con- 
vergence wave-length of the L series of carbon at 360.5 A. He finds a 
strong iron line at 271.6 A, aluminium lines at 136.5 A. and 144.0 A. and 
‘an oxygen line at 231 A. These are, presumably, the M a iron line, 
the L a aluminium lines and the L a oxygen line. He does not, however, 
find an aluminium line near or slightly longer than 326 A. Remembering 
that our values refer to convergence wave-lengths, the agreement seems 
to be good. It must be remembered that the accuracy of the present 
method is relatively poor at the longest wave-lengths, owing to the 
weakness of the radiation and the uncertainties introduced by the 
distribution of velocities of the bombarding electrons. This correction, 
which could not amount to more than two or three volts, was entirely 
neglected since the potential drop.across the filament was about sufficient 
to balance the average kinetic energy of emission of the electrons. At 
the higher voltages used, this correction would be entirely negligible, 
but it may have introduced small errors at the lowest voltages. 

It is proposed to continue this investigation with other metals. A 
comparison of complete data given by this method with those being 
obtained for radiation from gases by Foote and Mohler should prove 
extremely interesting and might lead to some explanation of the condition 
of electrons in atoms of solids and of the failure of Kossel’s relation when 
applied to characteristic radiation from solids. 

I take this occasion to express my indebtedness to Professor Karl 
T. Compton for his inspiring interest in this work and for the kindly 
help which he has given all through the experiments. 


PALMER PHYSICAL LABORATORY, 
PRINCETON UNIVERSITY. 


1 Astrophys. Jour., 52, p. 47, 1920, and private correspondence. 











ADDENDA AND ERRATA. 


Vol. XVIII., August, 1921, abstract of paper read before American 
Physical Society, April 22, 1921, by S. J. Mauchly, entitled ‘‘ Note on 
the Diurnal Variation of the Atmospheric-Electric Potential Gradient,” 
- p. 162, reference is made to the following figures which were omitted 
from the text: 
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Fig. 1. 


Mean Diurnal Variation of Potential Gradient from observations aboard the Carnegie, 
according to local Civil Mean Time. 

























































































MEAN DIURNAL VARIATION OF POTENTIAL GRADIENT 
by FROM OBSERVATIONS ABOARD THE “CARNEGIE” 
Meter Lesnsot ing ce Greenwich Civil Mean Time) 
T 
140 ; oa » 
Pacific (24 days)—___ a i 
120 Indian (10 days)--------- < wl SS a. 
Atlantic (5 | YS \ “- \ 
\ ‘ 
10} = a _ 
Se aa, 
e _~— 7 | = 
180 A A 
Oceans combined, 359 days Jb OE 
Data dove) Bie Nic, 2 
110 . } = = ns | Rocoans combined, SA] 
= a“ (39 as above and 6 from bs 
en eee err - 2 later obs’ns in Pacific) 
o [ nen ee Se 
Ch A a ee ee Se | es ee 





Fig. 2. 
Mean Diurnal Variation of Potential Gradient from Carnegie observations according to 
Greenwich Civil Mean Time. 
Vol. XVIII., September, 1921, in article by Willard Gardner entitled 
“Note on the Dynamics of Capillary Flow,” page 208, in equations (9), 
(10) and (11) for the letter / read e, the Naperian base. 























ADDENDA AND ERRATA (Continued.) 


Vol. XVIII., September, 1921, in article by R. A. Millikan entitled 
“The Distinction Between Intrinsic and Spurious Contact E. M. F. S. 
and the Question of the Absorption of Radiation by Metals in Quanta,” 
on page 239 for Fig. 1 substitute the following figure. It is suggested 
that the reader cut this out and paste it in its proper place. 
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New Half-Meter Slide Wire 
Bridge 


The New Half-Meter Slide Wire Bridge may 
be adapted to a wide variety of uses. It is 
essentially a slide wire ratio which may be used 
as the base for several set-ups, such as Wheat- 
stone Bridge, Kelvin Bridge, Carey Foster 
Bridge, or single potentiometer. As a slide 
wire ratio, it is particularly suited for use in the 
measurement of the conductivity of electrolytes 
in the physical chemical laboratory. 


Although this instrument is often used in 
more serious work, it is especially suited to 
student use and class or lecture room demon- 
stration. All connecting wires between the 
elements of the instrument are run on top of the 
wood base. This helps the student in tracing 
the bridge circuits. Resistance coils for extend- 
ing the range of the slide wire are mounted on 
the instrument and provided with convenient 
switches for cutting into or out of the circuit. 


Write for Circular P420 which 
gives the complete specifications. 





Leeds & Northrup Company 


Electrical Measuring Instruments 











Philadelphia, Pa. 




















THE PHYSICAL REVIEW 
INFORMATION FOR CONTRIBUTORS 





t. The purpose of the Review is to publish articles that add to our knowledge of experimental 
er theoretical physics. Such articles may be submitted by American and other physicists, 
whether members of Tuz American Puysicat Society or not, but no article will be considered 
unless the manuscript is in English and in a form ready for publication. No communication sent 
as a letter to the editor is published, nor is any communication which is more of personal than of 
scientific interest. 

All correspondence relating to contributions should be addressed to Tuz Puysicat Review, 
Ithaca, N. Y. Manuscripts will be acknowledged as soon as received. Articles submitted for 
publication in the Review are not to be submitted for publication elsewhere unless the authoriza- 
tion of the editors has been obtained, and proper reference to the Review is made. Manuscript 
should be ready for the printer; the editorg cannot assume responsibility for its correctness. 
The presentation should be as concise as is consistent with clearness; all unnecessary duplica- 
tion of data in table and in curves is to be avoided, and tabular matter should be introduced 
in extenso only when the exact numerical values affect the value of the paper. It is requested 
that the metric system be used in all cases. Whenever the value of a quantity is expressed in 
any other system, its value in the metric system should be added in parenthesis. Every article is 
to be preceded by a synopsis; see following page. 

To insure prompt attention during the summer, manuscripts should be submitted by June 1s. 


2. Illustrations should be in black and white and should be ready for direct reproduction; 
such illustrations will be made without expense to the author. The ink used in preparing illus 
trations should be jet black. Curves can be satisfactorily reproduced when plotted on plain 
paper or on blue-lined-section paper; co-ordinates may be ruled in black at desired intervals, 
for example every centimeter or every inch. Blue lines are not reproduced photographically; 
colors other than jet-black and blue should be avoided. The material in an illustration should 
be compactly arranged; when it is much spread out, a greater reduction is necessary in repro- 
duction. Lettering on illustrations should be plain and of sufficient size to be legible after 
reduction and should be complete (including designation of co-ordinates), requiring no printing 
from type except in the descriptive caption beneath. 

It is generally desirable to refer to aij illustrations as “ figures,” designated by one con- 
secutive series of numbers. The location of each figure should be marked in the manuscript, 
together with any caption which is to be printed beneath it. 

3- A proof of each contributed article will be sent to the author, if in America, for his 
approval. This is to afford opportunity for making corrections and rot for extensive changes; 
such changes, if made, may be charged to the author. It is requested that all proof be returned 
promptly. When proof is not so returned, after thirty days an article may be printed without 
proof-reading by the author. 

Authors should note that cross reference can not well be made by page number, for a change 

in paging is often necessary in the final make-up; such references should be avoided. 
* Proof of abstracts of papers read at meetings of the Physical Society can not always be sub- 
mitted to authors; in the case of abstracts, therefore, it is particularly important that the manu- 
script be free from error. In revising proof of abstracts, authors, should correct any errors of 
the printer, but should make no changes that will affect the arrangement of paging. 

4 Offprints, ordered by the author on the proper form with return of proof, will be furnished 
by the printer according to the prices given below.’ Any special instructions in regard to offprints 
—special title page, etc.,.—should be indicated on the order to the printer (or attached thereto) 
and not as a letter to the editors. (Further inquiries in regard to offprints may be addressed to 
The New Era Printing Co., Lancaster, Pa.) Prices subject to revision. 
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THE 
CAMBRIDGE MEASURING 
MICROSCOPE 


For measuring 

small lengths 

to 0.001m/m 

and angles to 
5’ of arc 





—_ DELIVERY 
SS -& FROM STOCK 


Write for descriptive leaflet 134A. 


The Cambridge and Paul Instrument Co., Ltd. 
45 Grosvenor Place, London, S. W. 1, England. 
Works:—London and Cambridge, England. 

















Physical Apparatus 








Pending the preparation of a 
new Catalogue, Customers 
are requested to make use of 
the pre-war list, Scientific 
Handcraft, xivth Edition, for 


purposes of reference. 


JOHN J. GRIFFIN & SONS 


Makers of Physical, Electrical & Scientific Instruments 
KEMBLE ST. KINGSWAY LONDON, W. C. 
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No. 2748 G 


A New 
Dodge Design 


Rheostat 


New Form 
A New Type and New Ranges of the Dodge Rheostat, designed by 
Prof. Homer L. Dodge, University of Oklahoma. 











_ In order to avoid the difficulties incurred with the ordinary sliding-contact form of rheostat 
this type_of rheostat has been designed so that by the operation of a switch, the load may be 
connected in a series or ina multiple connection with the rheostat or a portion of it. This makes it 

ible to secure very small currents with a shunt or potentiometer connection. It also makes 
it possible to secure large currents with a series connection. This insures a universal application 
for sliding-contact form of rheostat. By properly making the connections for this rheostat 
with a switch mounted on the base makes possible a connection which may be changed from series 
to multiple by simply throwing a switch. This avoids the necessity of the student making a 
change in connections and the possibility of having them wrong. 


_ This new form of rheostat is constructed on standard and proven lines with many special 
points of superiority. It is practically all metal—only the base and the rubber at the top of the 
slider are non-metallic. 


_ The rheostat is complete with binding post and switch as shown, so that by operating the 
switch the load may be changed from a series connection to a multiple or a potentiometer con- 
nection. 


These special features of the Dodge Design Rheostats make them much more useful than the 
ordinary design and they may be used for experimental work of many different kinds. 


Non-corrosive resistance wire with practically zero temperature co-efficient is used for 
winding this rheostat and this wire iswound on an enameled steel tube. 


Handsome in finish, sturdily built, and furnished in the ranges listed below. 














Approximate Resistance, Ohms.................. 3000 500 175 90 65 40 20 10 § 

Current Carrying Capacity, Amperes.............. 0.5 ® @6 8 8e3 6 68S 
. ij QUALITY n . 

cA Sign of Quality BILCTH| cA Mark of Service 














W. M. WELCH SCIENTIFIC COMPANY 


Manufacturers, Importers and Exporters of 
Scientific Apparatus and School Supplies 


1516 Orleans Street CHICAGO, ILL., U. S. A. 








THE PHYSICAL REVIEW 


PREPARATION OF SYNOPSES 
Revised, May, 1920 


Every article in THE Puysicat REvIEw is to be preceded by a synop- 
sis prepared by the author and submitted by him with the manuscript. 
The synopsis is intended to serve as an aid to the reader by furnishing an 
index and brief summary or preliminary survey of the contents of the 
article ; it should also be suitable for reprinting in an abstract journal so 
as to make a reabstracting of the article unnecessary. The synopsis 
should, therefore, summarize the information completely and precisely. 
Furthermore, in order to enable a reader to tell at a glance what the ar- 
ticle is about and to enable an efficient index of its subject matter to be 
readily prepared, the synopsis should contain a set of subtitles which to- 
gether form a complete and precise index of the information contained 
in the article. This requires at least one and often several subtitles even 
for a short synopsis. 


In the preparation of synopses, authors should be guided by the fol- 
lowing rules, which are illustrated by the synopses in the Puysicat Re- 
view for January, February and March, 1920.* The new information 
contained in an article should first be determined by a careful analysis; 
then the subtitles should be formulated; and finally the text should be 
written and checked. 


Rules 


1. Material not new need not be analyzed or described; a valuable summary of 
previous work, however, should be noted. 


2. The subtitles should ~ yd include all the new information; that is, every 
measurement, observation, method, improvement of apparatus, suggestion and theory 
which is presented by the author as new and of value in itself. 


3. Each subtitle should describe the corresponding information so precisely that 
the chance of any investigator being misled into thinking the article contains the 
particular information he desires when it does not, or vice-versa, may be small. 

X-ray patterns of metals” is too broad unless all metals have been studied, for 
an investigator may be interested, at the time, in only one metal; but “ X-ray pat- 
terns of aluminum, effect of rolling” evidently satisfies this rule. It is particularly 
desirable that ranges of variation of temperature, wave-length, pressure, etc., be 
given in the subtitle. 


General subtitles, such as “Object” or “ Results,” should not be employed, as 
they do not help to describe the specific information given in the article. 


4. The text should summarize the author's conclusions and should transcribe 
numerical results of general interest, including those that might be looked for in a 
table of physical and chemical constants, with an indication of the accuracy of each. 
It should give all the information that anyone, not a specialist in the particular field 
involved, might care to have in his note book. 


5. The text should be divided into as many paragraphs as there are distinct sub- 
jects concerning which information is given. Parts of subtitles may be scattered 
through the text but the subject of each paragraph, however short, must be indi- 
cated at the beginning. 


6. Complete sentences should be used except in the case of subtitles. The 
synopsis should be made as readable as the necessary brevity will permit. 


* The rules and illustrative synopses were prepared by G. S. Fulcher of the 
National Research Council. 
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RATIO ARM BOX 


Where a complete Wheatstone or impedance 
bridge is not available, it is often convenient to 
have available a ratio arm box which may be 
used for both direct and alternating current 
measurements. 

The ratio arm box illustrated above con- 
sists of two similar arms each with 1000 ohms 
total resistance, and with intermediate taps 
at I-3-10-30-100-300 ohms. These units are 
wound by the Ayrton-Perry double conductor 
method which insures a minimum of inductance 
and distributed capacitance, thus adapting their 
use for alternating currents of any frequency. 





TYPE 210 


The accuracy of adjustment is 0.1 per cent. Multiple leaf contact switches are 
employed in place of the older and less satisfactory method of plug connection. 


Described in Bulletin 905P Price, $36.00 


GENERAL RADIO CO. 


MASSACHUSETTS AVENUE and WINDSOR STREET , 
CAMBRIDGE 39 j MASSACHUSETTS 














THE WAY TO BETTER LIGHT 
































An Introduction to 
MATHEMATICAL ANALYSIS 


By Frank Loxley Griffin, Ph.D., Professor of Mathematics, 
Reed College, Portland, Oregon. 


This text shows the vital relation between mathematics and scientific re- 
search. It gives the necessary foundation for workers in the biological and 
physical sciences. $2.75 Postpaid. 


Houghton Mifflin Company 


Boston New York Chicago San Francisco 











RESISTANCE STANDARDS 


Every known precaution is taken to assure accuracy and constancy in making Rubicon 
Bureau of Standards Type Resistance Coils. 

The coil is made of selected Manganin wire wound on a metal cylinder, insulated by silk and 
covered with shellac, treated and tested, then sealed in its case, where further observations and 
tests are made. The oil is the special grade recommended by the Bureau of Standards. 

Two binding posts for potential terminals and shunt connections are so arranged that they 
do interfere with one another when connected in series. 


No. VALUE, ACCURACY, PRICE, 
1100, 1 ohm, 1/100%, $15.00 
1101, 10 ohms, 1/100%, $15.00 
1102, — 1/100%, $17.50 
1103, 1,000 ” 1/100%, $20.00 
1104, 10,000 ” 1/100%, $25.00 
1105, -t ohm, 2/5099» $15.00 
11 -or ohm, 1/50%, $15.00 
923 Walnut Street Philadelphia 











International X-Ray Corporation 
326 Broadway, New York City. 


Scientific, Industrial and Medical Apparatus 
Manufacturers Research Laboratory 


























PRECISION GLASS APPARATUS 


Having the Component Parts United by Heat Treatment 


Patented U.S. A. 1206177 
See Phil. Mag., Vol. XXXIIT., March 1917, and 
“* Nature,” 21st December, 1916. 


METHOD OF CONSTRUCTION. 


The component parts are optically worked, so that they can all 
be put together in optical contact. When this has been done they 
are gently clamped, so that the components are held in their correct 
relative positions, and subjected to carefully controlled heating. 
The surfaces in optical contact will then unite and the apparatus 
may be used for its proper purpose, as if made of one piece of glass. 


We shall be pleased to quote for cells to customer’s own design upon 
request. 


Full Particulars on application to the Patentees. 


ADAM HILGER, LIMITED ~_ : 


75A, Camden Road, London, N. W. 1, England 























L 101 Student’s Spectrometer 
Amecteen manufacture of modern design embodying all the 


well known qualities of Gaertner workmanship 


USED BY EDUCATIONAL INSTITUTIONS THROUGHOUT 
THE WORLD 


For full information write to 


WM. GAERTNER & CO. 


5345-49 Lake Park Avenue CHICAGO, ILL. 
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CROSS SECTION PAPERS 
IN SPECIAL SIZES 


Some of our customers started their records 
on other sizes of paper than our standard of 
sizes. This need not bother you. We print 
from our plates on your special size of paper 
if your order is for over five hundred sheets. 


CORNELL CO-OPERATIVE SOCIETY 
MORRILL HALL ITHACA, N. Y. 

















In every laboratory when electricity is used there is need for variable resis- 
tances—and to meet such requirements we offer a well tried series of 


JAGABI SLIDING CONTACT 
TUBE RHEOSTATS 


Hundreds of them have been sold during the past three years, to various 
Government Departments, Universities, Colleges, Technical Schools, Indus- 
trial Companies, etc.—and are ‘‘ making good’’ under everyday service con- 
ditions. 


Write for Illustrated Descriptive Bulletin 934 





JAMES G. BIDDLE 


1211 Arch Street PHILADELPHIA 














G-E Research Laboratory 
Schenectady, N. Y. 





10,000-volt, 100-m.a., 
D-C. Testing Set 











Apparatus for Producing 
High-Voltage, Direct Current 


The General Electric Company 
has available a small 10,000-volt, 
100-milliampere, direct-current 
testing set which embodies the 
use of the kenotron as a rectifier. 


The outfit can operate on 110 
volts—60 cycles. It has no mov- 
ing parts. 


Schools, colleges, or laboratories 
should find this outfit of value 
for any purpose requiring a small, 
direct current of high voltage. 


Address your inquiry to the Sup- 
ply Department, Schenectady 
office. 


Sales Offices in 
all large cities 
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A New Instrument— 


STEBBINS 
STRING 
ELEC- 
TROMETER 


This electrometer is made 
with the highest accuracy 
throughout. Adjustments 
are complete in every direc- 
tion. It was designed and is 
built for those who demand 
the utmost in such an instru- 
ment. 





It has the following outstanding 
features : 


1. Extremely small temperature 
coefficient. 


2. Ease of operation and accuracy 
of all adjustments. 


High sensitivity. 


Short period. 


Ease of shielding against ex- 
ternal e. m. f’s. 


7.- Practically air-tight case. 


3 
4. Small capacity. 
5 
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COMPLETE DESCRIPTION 
ON REQUEST 





Other Pyrolectric Electrometers : 


COMPTON QUADRANT ELEC- 
TROMETER; TYPE B QUAD- 
RANT ELECTROMETER; TYPE 
B STRING ELECTROMETER. 





Stebbins String Electrometer with 
front plate removed. The fibre is 
supported in a system of quartz 
and brass. 


PYROLECTRIC INSTRUMENT CO. 
ELECTRICAL PRECISION INSTRUMENTS 
636-640 East State Street TRENTON, N. J. 



































THE STANSICO AUTOMATIC ELECTRIC 
DRIVEN TUNING FORK AND PRECISION 
FREQUENCY GENERATOR 


(Patent Pending) 







A new Instrument of Precision for operating 
Tuning Forks and Generating Constant Fre- 
quency A. C. up to 1000 cycles. No contacts on 
prongs. Fork free to vibrate at natural period. 
Has many applications for acoustic and elec- 
trical measurements. Send ior Bulletin 17. 


STANDARD SCIENTIFIC COMPANY 


Makers of Scientific Instruments 
Cor. W. 4th and Barrow Sts., (Sheridan Square) NEW YORK 

















FINE WIRE 


LESS THAN .oo07”’ DIAMETER 


We are prepared to supply wire of the follow- 
ing metals and alloys drawn to very fine sizes. 


PLATINUM SILVER 
PALLADIUM COPPER 
GOLD ALUMINUM 
90% Platinum — 10% Rhodium 
60% Gold — 40% Palladium 


Made by the cored-wire (Wollaston) process— 
in jackets removable without damage to core. 


FULL DIRECTIONS SENT WITH WIRE. 


BAKER & CO.INC., NEWARK, N.J. 
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MORSE TWIST DRILL New Bedford, 
& MACHINE COMPANY Mass. 
Makers of Twist Drills, Reamers, Cutters, Etc. 
TOOLS THAT PROVE THEIR WORTH. 














NEW SERIES OF 


Reflecting 
Galvanometers 


Of the moving coil type, these instru- 
ments are deadbeat, of high sensitivity and 
great mechanical strength. The suspension 
is particularly strong and the galvanometer 
unit readily removable from its case for in- 
spection. 


Descriptive pamphlet sent on request 


List No. Resistance Period Def. per Micro 
mp. 





7925 1z20hms. 4secs. 40 mm. 
7926 50 ohms, 4 secs. 120 mm. 
7927 100 ohms. 6secs. 250 mm. 
Ballistic 300 mm. per 
7929 850 ohms, 4S€CS. * micro coil. 


Price Delivered in U.S. A. $22 
Duty, if any, payable by Purchaser 





List No. 7925—9 (% full size) 


W. G. PYE & CO. CAMBRIDGE, ENG. 
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